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Abstract
Conducting electroactive polym er (CEP) membranes have potential applications 
in many fields including metal ion separation and recovery. To date much o f  the 
work in this area has utilised traditional polymer film s and membranes. W hile 
these materials are permeable towards metal ions, they have not exhibited great 
metal ion selectivity. Consequently this work has focused on the developm ent o f  
CEP materials with a high degree o f permeability and metal ion selectivity. 
These included :
1. Conducting polymer membranes containing chelating agents as dopants.
2. Highly ordered, high surface area conducting polym er membranes 
(inverse opals and fibrillar membranes).
3. Conducting polymer/fabric com posites.
4. Conducting polymer/thermoresponsive polyelectrolyte com posites.
PPyHQS and PPyD N A  were prepared electrochem ically as both free standing 
membranes and thin film s. It was shown that both system s were electroactive and 
interacted differently with a range o f electrolyte solutions. Both materials were 
shown to be electrically conducting by U V -visible spectroscopy and four point 
probe conductivity measurements. PPyHQS and PPyD N A  membranes were 
shown by SEM  and AFM  to have cauliflower-like surface m orphologies, typical 
o f polypyrrole membranes. The transport o f potassium, calcium , magnesium, 
copper and iron across supported membranes containing these polymers was
X
investigated using a pulsed potential w aveform  and static flow  electrochem ical 
transport cell. PPyHQS membranes were permeable to each o f  the above ions to 
differing extents, w hile PPyD N A  membranes were perm eable to only potassium  
and copper. The latter material therefore constitutes an exam ple o f a membrane 
system with a high degree o f metal ion selectivity.
Highly ordered and high surface area polypyrrole membranes were successfu lly  
prepared by electrochem ical deposition onto either synthetic opal or A notec  
membrane templates. In both cases the conducting polymer w as deposited  
through the template, which was later dissolved leaving behind an inverse 
polymer structure.
Synthetic opals were successfully prepared from colloidal polystyrene solutions 
using the sedimentation technique. PPyCl polym er w as then deposited  
electrochem ically through the void spaces betw een the colloidal particles. The 
inverse opal w as then formed by soaking the com posite opal/polymer film  in 
acetone over night. Composite PPyClpSTY and inverse PPyCl opal (iPPyCl) 
structures were characterised using U V -visible spectroscopy, cyclic voltammerty 
and SEM . The presence o f a highly ordered membrane structure in these 
materials resulted in faster electrochemical switching rates compared to 
conventional PPyCl membranes.
XI
Membraens with fibrillar surface m orphologies were prepared by  
electrochem ically depositing PPypTS, PPyS.F., PPyA Q SA  and PP yD N A  onto  
highly ordered Anotec membrane and subsequently d issolving the underlying  
template. The resulting materials were show n by SEM  to have surface structures 
featuring hair-like fibrils. The interactions o f  these materials with a range o f  
electrolyte solutions w as investigated, w ith the results suggesting that they may 
have interesting switching properties.
Although the above systems could either selectively  transport som e metal ions, 
or possessed interesting ordered structures, their lack o f mechanical strength and 
processability was constantly an issue. In order to overcom e this CEP coated 
fabrics were investigated. A  range o f  natural fibres including silk (raw and 
processed), cotton and linen were chem ically coated with PPyN D SA  and shown  
to be able to remove gold from solution. These materials possessed both 
m echanical strength as w ell as high surface area. It was shown that the gold  
capacity and rate o f gold uptake by the various polymer coated fabrics w as 
generally greater than for the corresponding uncoated fabrics. Both polymer 
coated and uncoated fabrics were characterised by SEM before and after 
exposure to gold solutions. SEM  micrographs o f polymer coated fabrics taken 
after exposure to solutions containing [AuCLJ’ showed particles o f gold  
deposited onto the individual fibres o f the fabric.
XII
A  novel method for the recovery o f  gold  using therm osensitive polyelectrolyte  
coated polypyrrole collo ids w as also investigated. The therm osensitive  
polyelectrolyte poly(N iPA A m ) w as prepared and used to coat and stabilise  
polypyrrole colloids (PPyPE). This colloidal solution w as then exposed  to 
solutions containing gold, copper and iron and the effect on the LCST exam ined. 
It w as shown that the LCST o f  the PPyPE shifted to significantly low er values  
when compared to the polyelectrolyte alone.
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Chapter 1 Introduction
Chapter 1- Introduction to Metal ion Separation 
Using Conducting Electroactive Polymers.
1.1 Polymers — General overview.
Natural polymers have long been known to exist, and many important life  
processes rely on this very class o f compounds. A m ong the most common  
examples o f natural polymers are the polysaccharides. For example, cellulose, 
the compound which gives plants their strength and rigidity, is a polymer 
consisting o f glucose monomers linked together by a >£1,4 linkage (Figure 1.1).
Figure 1.1: Cellulose, a natural polymer made up of >0-1,4 linked glucose monomers.
It was during the 1920’s that synthetic polymers were first developed. Scientists 
in Germany and the United States sought to develop synthetic substitutes that had 
similar properties to natural rubber.[1] This paved the way for massive 
developments within the field o f polymer science. Synthetic polymers play a
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major part in allow ing the utilization o f  natural materials to the greatest 
advantage, as w ell as permitting the synthesis o f  other m olecules with properties 
similar to, or even better than, those o f their natural counterparts.
One o f the earliest exam ples o f a synthetic polymer is polyethylene (Figure 1.2), 
which consists o f repeating ethylene monomer units. Polyethylene was one o f the 
first synthetic polymers to be mass produced, with its manufacture on an 
industrial scale dating back to 1939 in England. It was discovered that 
polyethylene contained branched chains o f two distinct types, and that it was this 
branching that gave the polymer its highly desired properties o f flexibility, 
chemical resistance and tear strength. Consequently almost two thirds o f this 
polymer is used to make plastic film s and sheets.1̂
“ |" CH2— CH2-J~n
Figure 1.2: Polyethylene, one of the earliest mass produced synthetic polymers.
Not all polymers, natural or synthetic, are made up o f a single repeating 
monomer unit. Copolymers are polymers that have been prepared using a 
combination o f two or more different monomers. An example o f this is the 
copolymerisation o f styrene and acrylonitrile (Figure 1.3). It is interesting to note 
that the properties o f copolymers can be manipulated simply by varying the
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ratios o f the different monomers used to prepare it. This allows a polymer to be 
“tailor made” for a specific purpose.
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o X II n X to
1 _
 
/
L J  ' " N jc h = c h 2 - - c h - c h 2— c h - c h 2-
n
Figure 1.3: Copolymerisation of styrene and acrylonitrile.
Many commercial synthetic polymers are c o p o l y m e r s O n e  common exam ple is 
Nylon-6,6, which is made by copolymerisation o f adipic acid and hexamethylene 
diamine. It exhibits high tensile strength, good elasticity, and resistance to attack 
by solvents. There now exists a family o f polymers known as “nylons”, which  
have been used for a myriad of items including toothbrushes, stockings, 
parachutes, fishing lines and, more recently, machine parts such as gears and 
bearings. Another common copolymer is polyethylene terephthalate) or PET, 
used to make soft drink bottles, distributor caps and sports equipment amongst 
other things.1̂
These early synthetic polymers were found to possess the same characteristics as 
their natural counterparts, that is they were strong, flexible and non-conducting. 
A s a consequence of these features, the traditional role of synthetic polymers was 
as insulators or shielding for cables and ropes, or for production of textiles,
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bottles etc. More recently a new  class o f polymers has been developed. These 
materials possess all the features o f polymers seen previously, such as strength, 
stability and flexibility. H owever, this new class o f polymers has the advantages 
o f being able to conduct electricity and electroactive, that is, able to reversibly 
undergo oxidation and reduction.
1.2 Conducting Electroactive Polymers (CEPs).
Early in the 20th century a new class o f polymers was prepared by the 
polymerisation o f acetylene. Polyacetylenes were generally linear, conjugated 
compounds (Figure 1.4) and were particularly noteworthy because they displayed 
for the first time significant electrical conductivities.^1,61
H
H n
Figure 1.4: Poly acetylene, one of the earliest synthetic conducting polymers.
Later studies revealed that doped poly(p-phenylene) could exhibit similar 
conductivity levels as those previously displayed by polyacetyleneJ11 These 
results were followed by the discovery of several novel polyaromatic based
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conducting polymer system s, paving the way for further advances in the field  o f  
polymer scienceJ5-1 In the late 1970’s M acDiarmid and co-w orkerst6] totally  
revolutionised polymer science with their discovery that polym erisation o f  
common organic compounds such as pyrrole, aniline and thiophene (Figure 1.5) 
gave rise to conducting polymers. They proposed that the observed conductivity  
was a result o f  the conjugated polymeric backbone, w hich in the case o f  
polypyrrole usually carries a positive charge for every 3-4 monomer units (Figure 
1.6).^
Figure 1.5: Common organic monomers used for preparing CEPs: (a) pyrrole, (b) 
thiophene and (c) aniline.
Figure 1.6: Charged polypyrrole chain.
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Apart from being able to conduct electricity, these polym ers exhibited the same 
properties as their natural counterparts. They were light-weight, flexible and 
exhibited a relatively high degree o f tensile strength.^71 Membranes com posed o f  
polypyrrole (PPy) exhibited conductivities o f 102 -  103 S /cm ,[71 and displayed a 
high degree o f stability in solution as w ell as in air.[8] However, membranes 
composed o f polyaniline or polythiophene in general exhibited lower stability 
than polypyrrole.
1.3 CEP Preparation.
CEPs can be synthesized in essentially two ways: chemical polymerisation and 
electrochemical polymerisation.^51 These techniques have been most extensively 
used for conducting polymer synthesis. Common to both techniques is the 
formation o f a free radical monomer species that subsequently undergoes 
polymerisation.
1.3.1 Chemical Polymerisation.
In the case o f chemical polymerisation, the monomer is initially oxidized by an 
oxidizing agent such as FeCl3 (Figure 1.7).[7] The resulting positively charged 
species then undergoes polymerisation to give a positively charged polymer 
which has, in the above case, chloride counter ions incorporated into the 
polymeric structure in order to maintain charge neutrality.
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Figure 1.7: Chemical polymerisation of pyrrole.
The actual range o f counter ions that may be incorporated into a conducting  
polymer by this method is limited. This is because o f the limited number o f  
suitable compounds that are able to act as chemical oxidants as w ell as provide 
the dopant counter ion. It is for this reason that chemical polymerisation is 
generally considered the inferior o f the two more common polymerisation 
methods used to prepare CEP membranes.
However, it should be noted that one significant advantage o f this method is the 
ability to coat a range of substrates, including non-conducting substrates such as 
fabrics. This is not the case with the electrochemical technique, where the 
polymer is deposited onto a surface that is conducting and acts as a working 
electrode.
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1.3.2 Electrochemical Polymerisation.
Figure 1.8 outlines the m echanism  o f  electrochem ical polym erisation using  
pyrrole as an example. The monomer is initially oxidized to form a radical cation 
(A) by application o f a suitable electrical potential. W hen two o f these radicals 
are in close contact, they are able to undergo radical-radical coupling to form a 
charged dimeric compound (B). This then loses two protons to form a neutral 
species (C), which is itself oxidized resulting in the formation o f a new radical 
cation (D). Dimerisation o f this compound results in propagation o f the CEP (E).
A s the polymer chain grows, negatively charged species present in the supporting 
electrolyte are incorporated (doped) into the positively charged polymer in order 
to maintain electrical neutrality. Polymerisation proceeds until sufficient dopant 
is incorporated into the polymer matrix to reduce its solubility sufficiently in 
order for precipitation o f the polymer onto the electrode to occur.1 The resulting 
polymer chains contain monomer units linked to each other at carbon 2 and 
carbon 5 .^  This process typically occurs in a three electrode cell with the 
polymer depositing onto the working electrode.
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N N
H H
A
Radical-Radical Coupling
B C
Polymer Growth
Figure 1.8: Mechanism of electrochemical polymerisation of pyrrole.1̂
Electrochemical polymerisation is the most commonly employed technique in 
CEP synthesis today. It is limited only by the requirement that the monomer, and
9
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supporting electrolyte or dopant, are readily soluble in the solvent, allowing  
efficient conduction to occur.1̂  Thus the identity o f  the counter ion is not as 
limiting a factor as w as outlined previously for chem ical polymerisation.
During polymerisation a positive charge develops on the polymer backbone. It is 
this charge that allow s the polymer to be doped. Theoretically any m olecule 
carrying a negative charge is able to act as a dopant counter ion and be 
incorporated into the polymer. A s a result o f this seem ingly unlimited potential, 
electrochemical polymerisation techniques have predominated in the realm of  
laboratory research, and more specifically for the preparation o f CEP membranes 
for metal ion transport and sensing studies.
Another reason for the popularity o f electropolymerisation over other methods is 
that this technique results in deposition o f highly stable, insoluble polymeric 
material. It is also possible to obtain uniform coatings on a variety o f irregular 
surfaces, and more importantly the film ’s thickness is easily controlled 
electrochem ically to give reproducible results. Table 1.1 outlines the advantages 
and disadvantages o f both the chemical and electrochemical polymerisation 
techniques.
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Table—L I Advantages and disadvantages of chemical versus electrochemical 
polymerisation.
Technique Advantages Disadvantages
Chemical Polymerisation ♦> N o need for ♦> D eposition can’t
external
equipment
be controlled
❖  Sim ple ❖  Limited dopant 
choice
♦♦♦ Non-conducting *  Generally inferior
substrates can be 
coated
films
Electrochemical ❖  W ide choice o f ❖  External
Polymerisation
dopants potential/current 
source needed
❖  Highly ❖  Need conductive
reproducible
❖  Stable film s
❖  Irregular surfaces 
can be coated
substrate
Electrochem ical polymerisation is a broad term used to describe a variety o f  
m ethods used to grow CEPs. It is possible to further sub-divide this category into 
three specific techniques; potentiostatic, potentiodynamic and galvanostatic 
g r o w t h I n  each case the polymer is grown in a solution containing the
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monomer and supporting electrolyte, w hich provides the dopant anion. A  three 
electrode cell consisting o f  a reference electrode, an auxiliary electrode, and 
working electrode (usually Pt, Au, steel or glassy carbon) are used. In addition, a 
power source able to supply either constant or variable potential and current is 
required.
Potentiostatic growth requires a constant potential to be applied to the cell 
containing the monomer/supporting electrolyte solution. The growth o f  the 
polymer is then monitored by follow ing the change in current as a function o f  
time, which is recorded as a chronoamperogram. Potentiodynamic growth on the 
other hand relies on cycling the potential applied to the system. This is cycled  
between a positive potential that results in oxidation o f the monomer, and a 
negative potential. Under these conditions chain propagation and anion 
incorporation occurs during the oxidative cycle. The growth o f the polymer is 
monitored by following the change in current as both potential and time are 
varied. This is recorded as a cyclic voltammogram.
The two methods outlined above are not considered optimal for producing CEP 
membranes, due to the fact that it is relatively difficult to control the thickness o f  
the growing polymer film s.1[10J A s w ell as this, the mechanical strength o f the 
resulting materials is often low . During galvanostatic growth the 
monomer/supporting electrolyte solution is exposed to a constant current for a 
predetermined length o f time. A s a consequence the membrane thickness, which
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is proportional to the length o f  time the current is applied as w ell as the current 
density, can be easily controlled and manipulated. This method provides the 
greatest degree o f reproducibility in terms o f producing membranes o f constant 
thickness, and has evolved to be the most utilized technique today. Furthermore, 
the mechanical strength o f free standing membranes produced using this method 
are usually superior to those prepared by potentiostatic or potentiodynamic 
techniques.^11! The growth o f the polymer is monitored by fo llow ing the change 
in potential o f the system  as a function o f time, w hich is recorded as a 
chronopotentiogram.
Electrochemical polymerisation can be used to prepare polym ers as thin film s on 
a range o f substrates, as free standing membranes,110,12! co lloids [13] or as 
powders. A s a consequence o f this processability, as w ell as their mechanical 
strength, electrical conductivity and other chemical and physical properties, 
CEPs have enormous potential for a wide range o f applications in many 
industrial sectors.
During electrochemical polymerisation a thin film  or membrane is formed 
consisting o f a high molecular w eight polymer, which in certain oxidation states 
is able to transfer electrons along its conjugated chain. Many o f  these polymers 
are capable o f being switched between different charge states by the addition o f  
small amounts o f energy in the form o f an applied electric potential. That is, they
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are able to undergo reversible oxidation-reduction reactions as outlined in Figure 
1.9, again with polypyrrole as an example.
Figure 1.9: Electroactivity of polypyrrole.
During oxidative growth of polypyrrole, anions (A‘) in the surrounding solution 
are incorporated into the polymer in order to maintain overall neutral charge 
(Figure 1.9, equation 1). When the polymer is reduced the backbone of the CEP 
is converted to a zero charge state and two possibilities arise as to how the 
polymer can maintain overall charge neutrality. First, the anions that were 
incorporated during polymerisation may be expelled from the polymer matrix 
(Figure 1.9, equation 2). Alternatively cations (C+) present in the surrounding 
solution can be incorporated into the polymer structure (Figure 1.9, equation 3).
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W hen the CEP undergoes re-oxidation, cations incorporated during the previous 
reduction phase may be expelled (Figure 1.9, equation 4). This is due to the 
electrostatic repulsion felt between the cation and the now positively charged 
polymer backbone. Alternatively, additional anions from the surrounding 
solution may again be incorporated into the polymer. Figure 1.9 illustrates the 
basis o f the cation and anion exchange capabilities o f conducting polymers.
The actual path taken after a conducting polymer is reduced is partially 
dependent upon the size and mobility o f the dopant anions present. For example, 
if  the dopant is a small, highly mobile species such as Cl', the dominant process 
is anion expulsion.1141 However, if  the anion is a large and relatively imm obile 
species such as a polyelectrolyte, cation incorporation is likely to predominate.1151 
In most cases a combination o f anion expulsion and cation incorporation occurs.
In som e studies polymers have been prepared which are self-doping. For 
example, Shimidzu et al. prepared conducting polymers using 3- 
aminobenzenesulphonic acid or 4-m ethoxy-3-am inobenzenesulphonic acid as 
monomers (Figure 1.10).[16] In both cases the aniline monomers have directly 
attached sulphonate groups, which provide the negative charge required o f a 
dopant. Consequently anion expulsion (Figure 1.9, equation 2) is not able to take 
place on reduction o f the polymer. This forces the alternative reaction, cation 
incorporation (Figure 1.9, equation 3), to occur almost exclusively.1121
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Figure 1.10: Structure of self-doped polyaniline polymers (R = OCH3 or H).
It has also been found that the efficiency of the above redox processes are highly 
dependant upon the efficiency with which the CEP is able to incorporate and 
expel the counter ion.[10] Thus the identity of the anion can greatly influence the 
type of chemistry a polymer exhibits, including ion exchange capabilities. It also 
greatly influences the conductivity and morphology of the CEP.[17]
1.5 Applications ofCEPs.
Since their discovery, the area of conducting electroactive polymer science has 
advanced rapidly. A great variety of materials now exist which are attractive 
candidates for a wide variety of applications. This versatility can be attributed to 
their ease of preparation and manipulation and, more specifically, the ease with 
which CEP’s can be prepared to meet specific needs. One example of the many 
applications being pursued for conducting polymers is electrochemical actuation. 
For example, Lewis and co-workers[18] successfully developed an all polymer 
electrochemical actuator that was mechanically stable and able to operate in air. 
In this system two polymers were electrochemically prepared
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(polypyrrole/paratoluene sulphonate and polypyrrole/polystyrenesulphonate) and 
separated by a polyacrylamide hydrogel. The gel acted as a ion source/sink that 
was able to interact w ith the polym er as it was oxidised and reduced.
The use o f conducting polym ers as actuators is made possible by taking 
advantage o f specific properties inherent in CEP’s, nam ely their mechanical 
strength and ion exchange capabilities. When a conducting polym er is oxidised  
and reduced the associated ion movement into and out o f the polymer results in 
an expansion and contraction o f the polymer. Such materials have potential 
applications as artificial m uscles. W hile the performance o f som e conducting 
polymer actuators has exceeded natural muscles in terms o f force generation, all 
still fall behind in elongation ability.[19,20i
Gas and biochem ical sensors are another area in which electroactive polymers 
have proved invaluable. There are a great many examples in this area o f the types 
o f polymer systems that have been usedJ21'24̂  Recent work by Hwang et alJ25̂  
successfully demonstrated the ability o f a CEP film to “recognise” methanol and 
ethanol. In this study film s composed o f polypyrrole/poly(ethylene oxide) 
(PPyPEO) and polypyrrole/polyacrylonitrile (PPyPAN) were prepared. By 
manipulating the chemistry o f the polymer the sensing, aging and mechanical 
characteristics o f the film s were greatly improved. It w as found that the 
com posite PPyPEO film  exhibited the greatest ability to recognise the test vapour 
among the polymers examined. Recognition o f the test vapour by the conducting
17
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polymer resulted in a change in its electrical resistance, that in turn led to 
changes in the oscillating frequency o f a piezoelectric crystal that the polymer 
was deposited on.
Conducting polymer based materials have also been applied in many different 
ways to biological systems. For, example, the detection o f  D N A  hybridisation 
has been achieved using copolymer film s electrochem ically deposited onto a 
platinum electrode together with o l i g o n u c l e o t i d e s T h e  resulting film s 
combined both the molecular recognition capabilities o f D N A  with the 
electrochemical and physical properties o f a conducting polymer. These features 
combined to give biosensor probes that were highly specific, sensitive and 
selective, making them ideal for sensing applications.
O f particular interest to this work is the area o f molecular recognition and 
separation based on CEP systems. For example, recent developments have seen 
the fabrication o f an enzymatic membrane based on polypyrrole. Amounas and 
co-workers prepared a polymer membrane by electrodepositing biotinylated 
pyrrole onto enzym e coated carbon felt.[2?1 Such system s are highly efficient for 
applications such as enzymatic synthesis o f chemical compounds. These workers 
have also successfully imm obilised glucose oxidase and peroxidase into 
conducting polymers and demonstrated that there was very little decrease in 
enzym atic activity over time
18
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Current methods for separating ions in mixtures include dialysis, pervaporation 
and reverse osm osis. These are highly inefficient processes, in that it can take 
days to achieve significant separation. It w as not until the advent o f non­
crystalline asymmetric membranes, introduced by Leob and Sourirajan in the 
1960’s, that synthetic membranes were successfu lly  applied to separations in 
aqueous solution.[28]
Other non-conducting polymer membranes were then developed for this 
application, for example polyvinylethylene chloride (PVC). W hile these 
polymers proved to be more efficient for separating ions, the results were, 
however, unpredictable as experimental conditions greatly influenced the results 
obtained.129̂ In the early 1980’s Burgmayer and Murray demonstrated that it was 
possible to electrochem ically control transport o f ions into and out o f thin films 
com posed o f  CEPs, and that oxidized polypyrrole was permselective to Cl' over
K + [30-32]
Later Toshikatsu et al. developed a copolymer com posed o f polypyrrole and a 
com m ercially available cation exchange materialP 3̂ When this resin was used to 
separate sulfate from nitrate they found that the presence o f polypyrrole greatly 
affected the transport o f the anions. The work o f Burgmayer and Murray[34] was 
later extended by W allace and coworkers, who constructed an electrochemical 
transport cell that could be used to control the m ovem ent o f ions across large, 
free standing membranes composed o f CEP’s.[35]
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There are many potential applications for conducting polymer membranes that 
are selectively permeable towards metal ions or other cations. For exam ple, such  
membranes could be used to recover precious metals from ore leachates, or they 
could be used for wastewater treatment in the m ining industry or other areas o f  
industry.
1.6 Conducting Electroactive Polymer Membranes for Metal Ion 
Separation/Recovery.
In 1992 the first report o f electrochem ically controlled transport o f metal ions 
from one solution across a conducting polymer membrane to a second solution  
appeared.^361 Since then there have been many similar studies,[37'411 each o f which  
saw metal ions incorporated into the membrane from the source solution, and 
then expelled into the receiving solution, as a result o f reducing and oxidising the 
polymer. It was discovered that membrane thickness and the nature o f the applied 
potential greatly influenced the flux o f metal ions across the membrane. Initially 
metal ion flux was found to increase as the thickness o f the conducting polymer 
membrane increased. However, there reached a point where further increases in 
membrane thickness resulted in a decrease in metal ion permeabilities. 
Furthermore applying pulsed potentials with a 50 second pulse width to the 
polym er membrane resulted in greater metal ion transport than other 
electrochem ical conditions examined. The flux o f potassium ions was also found 
to increase as the concentration o f metal ion in the source solution was increased.
20
Chapter 1 Introduction
Figure 1.11 illustrates the configuration o f a transport cell used recently to 
electrochemically control transport o f potassium and sodium ions across a 
polypyrrole/polyvinyl sulphonic acid (PPyPVS) membrane.[36] There was no 
metal ion transport across the PPyPVS membrane in the absence o f an applied 
potential, or when a constant positive or negative potential was applied. 
However, when a pulsed potential was applied to the membrane transport o f both 
metal ions occurred.
(a) (b)
Figure 1.11: Schematic of the transport cell used by Mirmohseni et al. to transport K+ 
and Na+ across a PPyPVS membrane.[36] (a) cell set up and (b) cross sectional view.
Partridge et al. [42] investigated the effect o f altering the physical characteristics 
o f polypyrrole/p-toluenesulphonate, polypyrrole/dodecylsulphate and
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polypyrrole/dodecylbenzenesulphonate membranes on their metal ion 
permeability. It was concluded that growing the polymer under the follow ing set 
o f conditions resulted in greater metal ion fluxes;
1. Temperature at or below  20°C.
2. Galvanostatic growth at a current density o f 1 -  2 m A  cm'2
3. Polymerisation solution contains 0.1 M dopant.
U sing these conditions, membranes com posed o f many different types o f  
conducting polymers have been prepared and used as electrochemically 
controlled barriers to a wide range o f ions including transition metal ions, 
alkaline earth metal ions, anions such as pTS , and even proteins^15’38'41’43'471
Variations to the cell design shown in Figure 1.11 have also been found to affect 
metal ion transport rates across conducting polymer membranes.[47] For example, 
the use o f platinum auxiliary electrodes in both the source and receiving cell 
compartments greatly improved transport efficiency. It was also demonstrated 
that the distance between the platinum auxiliary electrode and the polymer 
working electrode affected the flux o f metal ions, as did the extent o f electrical 
contact to the polymer. The use o f a square wave pulsed potential waveform was 
also found to result in higher and more sustainable metal ion fluxes than simply 
applying a constant negative or positive potential.
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There are a great many other factors which can influence metal ion flux across a 
conducting polym er membrane. A m ong these factors is membrane surface 
morphology, w hich itself has been shown to be affected by variations in dopant 
concentration and polymerisation timeJ48̂  Generally free standing polypyrrole 
membranes have either compact nodular surface structures or a more open 
fibrillar m orphology.1m O f these the nodular form is the more com m on,[50] 
however, this is dependant on the electrochemical conditions used for synthesis.
The number o f free standing polypyrrole film s which are able to be used for 
transport experiments is limited.^361 Their electrical, chemical and particularly 
their mechanical properties, are usually inadequate for these types o f  
experiments. A  solution to the problem o f poor mechanical properties has been to 
use “supported” membranes, where the conducting polymer is deposited onto a 
substrate such as microporous Teflon, perforated insulated tape or, more 
generally, a platinum sputter coated polyvinylidene fluoride (PVDF) 
membraneJ51'55  ̂ The use o f a support greatly increases the chemistry that can be 
built into membrane materials as w ell as making them more robust and useable. 
It is these features which make it possible to produce conducting electroactive 
polymer membranes with significant metal ion permeability and selectivityJ55,56̂
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1.7 Aims
To date most interest in the use o f conducting polymers for metal ion separation 
or recovery has focused on the use o f free standing or supported conducting 
polymer membranes. It has proven possible to use these materials as an ion gate 
and electrochem ically control metal ion m ovem ent across the membrane. 
However, metal ion fluxes are generally low er than desired, and in most cases it 
has proved impossible to transport one metal ion in a mixture across the 
membrane with a high degree o f selectivity. It is highly desirable to develop  
CEPs displaying a high degree o f metal ion selectivity and permeability. This 
thesis explores four principal methods by w hich it was envisaged these objectives 
w ould be accomplished. The first relies on using conducting polymer membranes 
containing a range o f chelating agents as dopants using electrochemical transport 
cells similar to that illustrated in Figure 1.11. D N A  is known to bind to a variety 
o f metal ions in biological systems, w hile 8-hydroxyquinoline-5-sulfonic acid 
(HQ S) has been widely used in analytical chemistry because o f its ability to bind 
to specific metal ions. By preparing polypyrroles doped with either D N A  or HQS 
it w as hoped that membranes would be obtained with superior metal ion 
permeability and selectivity to those previously studied. After preparation the 
polypyrrole membranes would be characterized by a variety o f physical 
techniques, and then used in transport experiments with a wide range o f alkali 
ions, alkaline earth ions and transition metal ions.
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The second method o f enhancing metal ion recovery exam ined in this work is 
based on the observation that the permeability o f membranes towards metal ions 
is at least partially dependant on the surface area o f the membrane exposed to 
solution. By em ploying substrates with highly regular structures such as inverse 
opals or fibrillar membranes, it w as hoped that a range o f com posite membranes 
with highly ordered, high surface area structures would be obtained. These would  
then be characterized by various m icroscopic techniques as w ell as 
electrochemically, and then used for metal ion transport experiments.
One o f the major limitations o f  using free standing conducting polymer 
membranes is their mechanical stability. In order to address this problem in this 
study composite materials containing CEPs deposited onto natural fabrics were 
used. These materials are particularly attractive for such applications as, for 
example, metal ion recovery. These incorporate advantages o f using conducting 
polymers (chemical selectivity, electroactivity) with a substrate w hich possesses 
high surface area and high flexibility. However, this approach provides 
significant advantages in ease o f processing as the polymer is deposited onto a 
high surface area substrate and not synthesized from a template, this also 
conférés greater mechanical strength. Following successful preparation o f these 
materials, they w ill then be characterised by microscopic techniques combined 
with electrochemical methods. The ability o f conducting polymers to recover 
gold from solutions containing [A uC14]' has also been previously established.[57'
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60i Consequently these CEP coated materials w ill be used in an attempt to 
enhance permeability to metal ions and specifically gold.
Finally, the use o f a different type o f com posite material containing a 
thermosensitive polyelectrolyte incorporated into a conducting polymer was also 
investigated. These colloidal materials inherently possess a high surface area, 
however, the incorporation o f a thermosensitive polyelectrolyte greatly enhances 
the potential applications for which these materials can be used. Metal ion 
recovery is one such application in which the CEP com ponent is able to impart 
chemical selectivity and the polyelectrolyte component allow s for easy recovery 
o f the metal ions. These com posites w ill be characterised by U V -visible  
spectroscopy and in changes o f solution transmittance as a function o f  
temperature with and without the presence o f metal ions in solution.
Figure 1.12 summarises the aims o f the work presented in this thesis and the four 
approaches used to develop novel composite structures based on CEPs for the 
specific application o f metal ion recovery/separation.
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Conducting Polymer 
Membranes
- Dopant Choice
High Surface Area CEP 
Membranes
- Opals and Fibrillar
Figure 1.12: Project aims.
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Chapter 2 -  Metal ion separations using Conducting 
Electroactive Polymer Membranes.
2.7 Introduction
A  significant amount o f previous work has demonstrated the feasibility o f  using  
conducting polymer membranes as an electrochem ically controlled barrier to the 
m ovem ent o f metal ions from one solution to another.136,55,38,41,46,611 M ost o f this 
work focused on varying experimental conditions such as feed solution  
concentration and the nature o f and magnitude o f the applied potentials in order 
to m axim ise metal ion fluxes across the membrane. The identity o f the 
counterion incorporated during synthesis o f  the polymer was also shown to 
significantly affect both permeability and selectivity o f membranes} 171 For 
exam ple, Zhao et al il?1 investigated the transport properties o f a range o f  
polypyrrole membranes doped with sulfonated aromatic counterions. They found 
that potassium and calcium could be transported across the different polymer 
membranes using appropriate electrochem ical stimuli. Furthermore the nature o f  
the counter ion had a great influence on the degree o f permeability o f the 
membrane to different metals. For example, polypyrrole doped with para-toluene  
sulfonate (pTS) exhibited calcium and potassium flux rates o f 1.7xlO*10 mol cm'2 
sec'1 and 1 .9 x l0 '9 mol cm'2 sec'1 respectively. However when polypyrrole was 
doped with the larger dopant 1,5-napthalene disulfonic acid (NPS), calcium and
28
Chapter 2 CEP Membranes
potassium  flux rates increased to 6 .6xlO '10 m ol cm'2 sec'1 and 2 .2 x l0 '9 m ol cm '2 
sec'1 respectively.
D avey at a l examined the transport properties o f membranes prepared by 
electrochem ically depositing polypyrrole/polyvinylphosphate (PPyPVP) on a 
polyvinylidene difluoride (PV DF) supporting substrateJ62̂  The transport 
properties o f these membranes were tested using alkali metal ions and alkaline 
earths. It w as found that the greatest metal ion flux occurred for potassium  
(5 .7xl0*9 mol cm'2 sec'1), follow ed by sodium (5 .6 x l0 '9 mol cm'2 sec'1), lithium  
(4.8xlO '10 m ol cm'2 sec'1), calcium  (4.4xlO '10 mol cm'2 sec'1) and magnesium  
(l.O xlO '11 m ol cm*2 sec'1). These results show that PPyPVP exhibits som e degree 
o f selectivity towards metal ions such as potassium over calcium (selectivity  
factor = 13.2) and potassium over sodium (selectivity factor = 1.02). H owever 
the degree o f selectivity was not great compared to that seen previously for 
PPypTS membranes with 94 and 3.1 respectively.[14,43] Recently the transport o f  
copper and iron ions across a polypyrrole/2,9-dim thyl-4,7-diphenyl-l,10- 
phenanthrolinedisulfonic acid (bathocuproinedisulfonic acid) (PPyBCS) 
membrane was observed. This system exhibited a moderate degree o f selectivity  
for copper over iron with a selectivity factor (Cu2+/Fe3+) o f 14.5.1611
The above work demonstrates that the nature o f the counter ion can affect the 
metal ion permeability o f conducting polymer membranes. In some cases this has 
been attributed to differences in how readily metal ions with different sizes can
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pass through pores in the conducting polymer membrane H ow ever, it is also 
possible for variations in metal ion -  dopant interactions to cause differences in 
membrane permeability. To date few  dopants that have been used in conducting  
polymers have been capable o f binding very tightly or selectively  to specific  
metal ions. H ow ever, it can be envisaged that incorporating such dopants might 
affect membrane permeability and selectivity by either retarding or facilitating 
transport o f one m etal ion in a mixture.
2.2 Chemical Selectivity
In this work two different polypyrrole/dopant com binations were studied with 
respect to their metal ion transport properties. The dopants used were 8- 
hydroxyquinoline-5-sulfonic acid (HQS) (Figure 2.1) and salmon sperm 
deoxyribonucleic acid (D N A ) (Figure 2.2). Both are anionc species and thus able 
to be incorporated as dopants into polymers. Furthermore the relatively large size  
o f both dopants, and in particular D N A , ensures that cation incorporation is 
favoured over anion expulsion during reduction o f the polypyrrole backbone. 
D N A  has a variety o f metal ion ligating groups including the phosphate groups, 
w hich bind strongly to the alkaline earth metals, such as Ca2+ and M g2+, and the 
nitrogen atoms o f the purine and pyrimidine bases, which form strong bonds to 
many transition m etalsJ63,64̂
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Figure 2.1: Chemical structure of HQS.
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Figure 2.2: Chemical stmcture of DNA.
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2.2.1 8-Hydroxy quinoline-5-Sulfonic Acid (HQS)
HQS is able to form metal com plexes through the formation o f a stable five  
membered chelate ring involving the hydroxyl group and ring nitrogen  
atom .[63,65,661 Table 2.1 presents solution stability constants for som e com plexes  
o f HQS o f interest in this studyJ67,681 Each o f  the transition metal ions in the table 
forms relatively stable com plexes with H Q S, making this ligand an interesting  
choice as a dopant for incorporation into polypyrrole. Furthermore there is a 
difference in stability constants for Cu2+ and Fe3+ on the one hand, and the 
remaining three metal ions (Table 2.1). This raises the possibility that once 
incorporated into polypyrrole as a dopant, HQS may confer metal ion selectivity  
onto the w hole polymer.
There has previously been no work carried out on conducting polymer film s 
containing HQS as a dopant. There has, however, been extensive use o f  this 
com pound in the field o f separations technology, and more specifically its 
application for electrophoretic separation o f metal ionsJ63,69̂
Table 2.1: Stability Constants for metal complexes of HQS.[701
Metal Ion Log PI Log (32
Cu2* 12.5 23.1
Zn2* 8.4 15.1
Pb2* 8.5 16.1
Ni2* 10 18.1
Fe3* 11.6 22.8
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Conradi et al. t691 found that m ixtures o f  metal com plexes w ith both 1:1 and 1:2 
metal to ligand ratios were form ed in aqueous solutions containing H Q S and a 
range o f metal ions including copper, zinc, lead, nickel and iron. For Zn2+, Pb2+ 
and N i2+ addition o f HQS resulted in the formation o f considerable amounts o f  
com plexes containing only a single HQS ligand, w hile Cu2+ and Fe3+ also formed 
large amounts o f com plexes w ith  two HQS ligands. These results are consistent 
with the stability constants in Table 2.1, and confirm that HQS is able to form  
stable m etal-ligand com plexes w ith Cu2+ and Fe3+. In 1998 this work w as 
continued by C h iar i[701 w ith H Q S being used to impart selectivity to separations 
using capillary electrophoresis. It w as found that metal ion com plexes w ith HQS 
resulted in com plete metal ion separation only when the ligand w as present in 
excess amounts J711 Sim ilarly it w as found that this ligand could be used for the 
separation o f alkaline earth m etals.[721 These results suggest that the use o f  HQS 
as a dopant may lead to the preparation o f highly selective conducting polymer 
membranes, if  the selectivity seen in aqueous solution is retained after its 
incorporation as a dopant.
More recently de Armas et al. used HQS as part o f a procedure for fluorimetric 
sequential injection determination o f magnesium in natural w aters.1731 This 
method allowed magnesium  concentrations as low  as 12 pg L'1 to be detected, 
which is lower than had previously been the case when HQS w as not part o f the 
method. It should be noted that these experiments were conducted in solutions
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containing calcium  ions at up to 30 times greater concentration than m agnesium . 
This illustrates the selectivity o f  HQS for magnesium  over calcium .
2.2.2 Salmon Sperm Deoxyribonucleic Acid (DNA)
D N A  has long been known and studied in a w ide range o f  scientific areas. 
However, it has only been relatively recently that studies have been conducted 
into the properties o f conducting polymers doped with D N A .[74,20,751 It is hoped 
that such system s might form the basis o f highly efficient biomonitoring or 
biom im etic system s,1201 for use in fields such as sensing and actuation. Recent 
studies have focused primarily on the covalent attachment o f oligonucleotides 
onto the backbone o f a pre-existing conducting polymer.1[201 H owever, some work 
has also explored the use o f D N A  as an anionic dopant that is incorporated into 
conducting polymer film s during electrochemical polymer deposition.[74,75] The 
D N A  acts essentially as a polyelectrolyte at physiological pH as a result of 
deprotonation o f its phosphodiester groups.1761 The negative charge facilitates 
incorporation o f D N A  into the conducting polymer matrix during polymerisation.
A  recent study examined the absorption o f D N A  onto polypyrrole film s as a 
function o f tim e.1771 Free standing PPypTS film s were prepared and exposed to 
35S radiolabeled D N A . It was shown that greater D N A  binding occurred on the 
side o f the film  that w as exposed to the polymerisation solution during polymer 
growth (rough side). This was attributed to two factors. Firstly the greater surface
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area o f the rough side o f  the film  and, secondly, the slightly greater conductivity  
o f this side com pared to that o f  the side o f  the film  that w as in contact with the 
metal electrode during polym er growth. This same group had earlier found that 
the D N A  bound on the surface tended to migrate away from the surface to the 
interior o f the film .[78]
Conducting polym er m odified electrodes have also been used for the detection o f  
D N A  in solution, including D N A  damaged by U V  radiation.^79,801 Previously  
square w ave voltam m etry [811 and chronopotentiometry ^  had been used to 
detect D N A  dam aged in this fashion. However, the use o f conducting polymers 
offers greater prom ise for faster and much simpler detection. Advantages o f  
using a conducting polym er based system over other earlier system s include that 
they are not lim ited to purine containing nucleic acids, or being used in strongly 
alkaline solutions. In addition the method is also less susceptible to interferences 
from easily oxidisable impurities.[79,83]
The basis o f  the above method is the electrostatic interactions that occur between  
anionic nucleic acids and the cationic conducting polym er backbone.1841 In 1999 
som e o f the first work into the use o f D N A  as a dopant in electropolym erised  
polypyrrole film s w as undertaken.f851 This study successfully demonstrated that 
oligonucleotides could be incorporated into a conducting polymer as the sole 
counter anion during polymerisation, and that the ability o f  single stranded D N A  
to recognise a complementary single D N A  strand w as maintained within the
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polym er network. This has sparked much interest in the developm ent o f  D N A  
biosensor devices.
More recently these types o f materials were also used for the direct detection o f  
D N A  hybridisation.[86] Other groups have demonstrated a route to discriminate 
betw een short oligonucleotides and chrom osom al D N A , based on the polypyrrole 
doping process.i87] Essentially it w as show n that there was a significant 
difference in redox activity betw een polypyrroles doped with short or long D N A  
strands in a sim ple electrolyte solution. It w as also determined that there w as a 
much higher degree o f doping by short oligonucleotides.[87] Another approach to 
the preparation o f polym er/DNA com posites has been presented recently.1̂  In 
this study, oligonucleotides were synthesised with a covalently attached pyrrole 
m oiety, and the resulting m odified pyrrole polym erised in the presence o f  
unm odified pyrrole.
It has been clearly demonstrated that it is possible to successfully prepare 
PP yD N A  film s electrochem ically and use them as biosensors. However, little 
work has been conducted into the use o f such materials for metal ion sensing or 
separation. This is despite the fact that a great deal o f work has been conducted 
into the interactions between metal ions and D N A . In the 1950’s this began with  
a study o f  the binding o f Hg2+ to D N A .[89,90i B y the mid 1960’s this study had 
been expanded to include Cu2+ and Zn2+.[91,921 The results o f these studies were 
found to be highly useful for the developm ent o f methods to sequence single
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stranded D N A  as w ell as R N A J93̂  M any studies have clearly illustrated that 
metals exhibit a range o f binding m odes towards D N A . For exam ple, the alkali 
and alkaline earth metal ions bind to the phosphate groups electrostatically, w h ile  
transition metal ions tend to bind covalently to heteroatoms o f bases exposed  in 
the major groove o f double stranded D N A .i94] These m etal-nucleic acid  
interactions are becom ing increasingly significant in fields such as biotechnology  
and m edicine, particularly for applications such as chemotherapy.
It has also been shown that low  concentrations o f metals such as M g2+ and Cu2+ 
in the surrounding solution are essential for the stability o f the D N A  double 
helix. H owever, higher concentrations o f  metal ions, and in particular Cu2+, cause 
destabilisation and unwinding o f  the double helix due to binding to the D N A  
b a s e s t  There has also been extensive work carried out on the interactions 
betw een D N A  and Zn2+ ions. This transition metal ion displays an affinity for 
both the nitrogen and oxygen atoms present in nucleic acids, which provides a 
great advantage when designing metal compounds capable o f binding to D N A  in 
a highly selective manner.1̂
The work presented in this chapter focuses on the use o f PPyD N A  membranes 
for separating metal ion mixtures. It w as envisaged that the presence o f D N A  in 
the polymer membrane would lead to metal ion selectivity as w ell as increased 
m etal ion permeability as a result o f metal-ligand complexation equilibria.
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2.3 Experimental
2.3.1 Polymer Growth and Cyclic Voltammetry
A ll polym erisations and cyclic  voltam m etry were performed using a Princeton  
Applied Research m odel 363 Potentiostat/Galvanostat (PA R 363). A  three 
electrochem ical cell consisting o f  a platinum working electrode, A g/A gC l(3M  
HC1) reference electrode and a platinum m esh auxiliary electrode w as used for 
growing thin polymer film s and cyclic  voltammetry. Free standing membranes 
were deposited onto a stainless steel plate measuring 6 cm  x 3 cm, w hich served 
as the working electrode instead o f  platinum. Experimental data w as collected  
using a MacLab data collection system . A  range o f aqueous electrolyte solutions 
including K N 0 3, C a (N 0 3)2, M g (N 0 3)2, C u (N 0 3)2 and F e (N 0 3)3 were prepared at 
0.1 M concentration for cyclic  voltammetry experiments. A ll solutions were 
deoxygenated for five minutes w ith nitrogen prior to each experiment.
2.3.2 Polymer Preparation: PPyHQS and PPyDNA
Polypyrrole/HQS (PPyHQS) film s were deposited onto a platinum electrode 
from saturated HQS solutions ([HQS] < 0.1 M) containing 0 .2  M pyrrole. 
Polypyrrole doped with salmon sperm D N A  (PPyDNA) w as prepared initially 
using solutions containing 0 .2  M pyrrole and 0.2% w/v D N A . Both PPyHQS and 
PP yD N A  were grown initially as thin film s on the end o f a platinum electrode 
using three different electrochem ical methods; potentiostatic, potentiodynamic 
and galvanostatic growth. For all subsequent experimental work, the
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galvanostatic m ethod w as used to prepare both m aterials. This technique w as 
chosen as the resulting film s were m echanically stable and highly reproducible, 
and experimental parameters could be easily changed and manipulated. For 
example, by varying the deposition time and/or the applied current the thickness 
of the film  could be reproducibly changed. Free standing membranes com posed  
o f either PP yD N A  or PPyHQS were prepared by applying a constant current 
density o f 2 m A  cm'2 for up to 1 hour to a stainless steel plate immersed in a 
solution containing 0 .2  M pyrrole monomer and 0.2% w/v D N A .
2.3.4 Atomic Force Microscopy (AFM) and Scanning Electron Microscopy 
(SEM)
Free standing polym er membranes were deposited galvanostatically onto a 6 cm 2 
stainless steel plate for a period o f 60 minutes. They were then peeled o ff the 
stainless steel electrode and used for characterisation by A tom ic Force 
M icroscopy (AFM ), Scanning Electron M icroscopy (SEM ) as w ell as elemental 
analysis and conductivity measurements. M orphological characterisation was 
performed using a Leica Cambridge 440 SEM Stereoscan m icroscope and Digital 
Instruments Jeol 2000 M ultimode Nanoscope 3 A tom ic Force M icroscope. AFM  
work w as conducted using contact mode and a range o f areas scanned including 
20 pm 2, 10 pm2 and 1 pm 2.
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2.3.5 Elemental Analysis and Conductivity
Elemental analyses (C, H, N , 0  and S) were perform ed at the Australian National 
University using sam ples o f  free standing polym er membranes. Conductivity  
measurements w ere also conducted on free standing membrane strips measuring 
3 mm w ide and 25 mm long. Conductivity w as determined using a HP 
Multimeter and PAR M odel 363 Potentiostat set at a constant 1 pA  current.
2.3.6 UV-visible Spectrocopy
PPyHQS and PPyD N A  film s were deposited onto indium -tin-oxide (ITO) glass 
for 3 m inutes and 2 minutes, respectively. The absorbance o f these film s w as 
recorded over the range 300 to 1100 nm using a Shimadzu U V -1601  
spectrophotometer.
2.3.7 Transport Experiments
Transport experim ents were performed using a two compartment transport cell as 
outlined in the previous chapter. For all experiments, in the initial 2 hours no 
potential w as applied to the polymer. Under this condition, any transport o f metal 
ions across the membrane was due to diffusion or as a result o f pinholes or cracks 
in the film . In the follow ing 2 hours, a pulsed square w ave potential was applied; 
(E i=  + 0 .75  V  and E2= -0 .4 5  V ) with a 50 second pulse width. Application o f a 
pulsed potetntial oxidises and reduces the film  resulting in m ovement o f ions into
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and out o f the polymer. The presence o f  a concentration gradient betw een the 
two cells also facilitates ion m ovem ent from  the source solution through the 
polymer membrane into the receiving solution. The pulsed potential w as then 
rem oved for the final 1.5 hours o f the experim ent. A ny further increases in metal 
ion flux during this final phase w as attributed to the developm ent o f pinholes in 
the polymer. If this occurred, the experim ent w as then repeated with a freshly  
prepared polymer membrane. Changes in metal ion concentration in the receiving  
solution were monitored as a function o f  time using Atom ic Absorption  
Spectroscopy w ith a Varian SpectrAA atom ic absorption spectrometer.
A ll transport experiments were conducted using a polymer membrane deposited  
onto a platinum coated support, as the free standing membrane was too brittle to 
be used. PV D F film s were initially sputter coated for 10 minutes using a 
D ynavac Magnetron sputter coater SC 100 Ms, and the polymer then 
electrochem ically deposited. The polym er/Pt/PVDF com posite was soaked for 2 
hours in 50% ethanol:water solution in an attempt to make it more hydrophilic 
prior to use in transport experiments.
Both PPyHQS and PPyD N A  membranes were grown for the minimum amount 
o f tim e required to ensure that they were impermeable to water at 20 KPa. This 
w as determined to be 4.5 minutes and 4 .0 minutes for PPyHQS and PPyDNA, 
respectively.
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2.4 Results and Discussion
2.4.1 Preparation o f PPyHQS
Potentiostatic growth o f PPyHQS was achieved using a platinum working 
electrode and a potential o f +0.70 V.The resulting chronoamperogram is shown 
in Figure 2.3, and illustrates that a continuous increase in current occurred with 
time. This is consistent with the continuous deposition o f polymer giving rise to 
an increased surface area.
Figure 2.3: Chronoamperogram obtained during potentiostatic growth of PPyHQS from 
an aqueous solution containing 0.2 M pyrrole and 0.1 M HQS. Eapp = +0.70 V.
Potentiodynamic growth was also investigated as a method o f preparing this 
polymer (Figure 2.4). This technique involves cycling the potential applied to the 
solution over a given range while monitoring the changes in current. Typically 
when a conducting polymer is deposited the current observed in the resulting 
cyclic voltammogram increases as also seen with potentiostatic growth.[85]
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Therefore it would be expected that with repeated cycling o f the applied potential 
more polymer would be formed and greater currents observed. For PPyHQS the 
potential was cycled between +0.9 V and -0 .9  V. It can be seen (Figure 2.4) that 
with each successive potential cycle the current does in fact increase, indicative 
of conducting polymer deposition. Each successive cycle in the cyclic 
voltammogram intersects at +0.70 V. Consequently this point represents the 
optimal potential for growth o f this particular polymer system, and was the 
potential used during the potentiostatic method above.
E ( V )
Figure 2.4: Cyclic voltammogram obtained during potentiodynamic growth of PPyHQS 
deposited from an aqueous solution containing 0.2 M pyrrole and 0.1 M HQS. A total of 
10 cycles were conducted with a scan rate of 100 mV/s and potential limits of ±1.0 V. A 
platinum electrode with a diameter of 0.7 cm2 was used as the working electrode, 
together with a platinum mesh auxiliary electrode and Ag/AgCl(3 M HC1) reference 
electrode.
Figure 2.5 illustrates the chronopotentiogram obtained during the growth of 
PPyHQS by galvanostatic methods employing a constant current o f 2 mA cm'2.
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Soon after the current was applied the observed potential rose sharply to a 
maximum value o f 3.7 V, then decreased quickly and levelled off at 1.5 V. The 
slight delay prior to the sudden jum p in potential was due to either slow 
oxidation o f the monomer, or slow incorporation o f dopant into the growing 
polymer. Once an initial layer o f polymer was deposited on the surface, the 
potential increased dramatically, prior to reaching a “resting potential” where the 
resistance o f the system was in balance with the applied current.
Time (sec)
Figure 2.5: Chronopotentiogram observed during formation of PPyHQS by 
galvanostatic growth using a 0.7 cm2 platinum working electrode together with a 
platinum mesh auxiliary electrode and Ag/AgCl(3 M HC1) reference electrode. Aqueous 
solution containing 0.2 M pyrrole and 0.1 M HQS was used together with a constant 
current density of 2 mA cm .
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2 .4.2 Preparation o f  PPyDNA
The chronoamperogram obtained during preparation o f PPy/DNA by applying a 
constant potential o f +0.7 V for 90 seconds is shown in Figure 2.6. Within 20 
seconds the observed current increased sharply and reached a maximum value o f
0.03 mA. The current then quickly decreased before gradually increasing as more 
polymer was deposited onto the platinum electrode and the resistance decreased. 
The relatively slow rate o f initial polymer formation is not unexpected for 
poly electrolyte systems J621 It has been observed previously that longer 
polymerisation times are required to exceed the solubility limit o f the 
polymer/polyelectrolyte product which then leads to its deposition.[62]
Time (sec)
Figure 2.6: Chronoamperogram observed during potetntiostatic growth of PPy/DNA 
onto a platinum electrode from a solution containing 0.2 M pyrrole and 0.2% w/v DNA. 
A constant potential of +0.7 V was used. A three electrode cell was used consisting of a 
0.7 cm2 platinum working electrode, platinum mesh auxiliary elecrode and Ag/AgCl 
(3 M HC1) reference electrode.
45
C h ap ter 2 C E P  M em b ran e s
The cyclic voltammogram obtained during potentiodynamic growth o f PPyDNA 
(Figure 2.7) clearly exhibits an increase in current as the potential was cycled 
between +0.8 V and -0 .8  V. Each successive potential cycle intersects the 
previous one at +0.7 V, which was the potential chosen for potentiostatic growth 
o f the polymer.
E (V)
Figure 2.7: Cyclic voltammogram observed during potentiodynamic growth of 
PPyDNA onto a platinum electrode from a solution containing 0.2 M pyrrole and 
0.2% w/v DNA. The applied potential was cycled between ±0.8 V at a scan rate of 100 
mV/s. A three electrode cell consisting of a 0.7 cm2 platinum working electrode, 
platinum mesh auxiliary electrode and Ag/AgCl(3 M HC1) reference electrode was 
used.
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Figure 2.8 illustrates the chronopotentiogram obtained during growth o f 
PPy/DNA by applying a current density o f 2 mA cm ' 2 for 130 seconds. The 
observed potential quickly rose to over 3.5 V, suggesting high resistance at the 
electrode surface/solution interface. This was expected as the DNA solution was 
highly viscous as a consequence o f DNA being a bulky anion with very low 
mobility. Consequently, the DNA is unable to dope the growing polymer in a 
facile fashion, resulting in the high initial potential. Once the DNA had doped the 
polymer the potential dropped rapidly and came to a steady state, or resting 
potential, o f 2.0 V. Relatively high resting potentials were typical o f this system.
Figure 2.8: Chronopotentiogram obtained during galvanostatic growth of PPyDNA onto 
a platinum electrode from a solution containing 0.2 M pyrrole and 0.2% w/v DNA. A 
constant current density of 2 mA cm"2 was used. A three electrode cell was used 
consisting of a 0.7 cm2 platinum working electrode, a platinum mesh auxiliary electrode 
and Ag/AgCl (3 M HC1) reference electrode.
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2 A 3  Electrochemical Characterisation of Polymer Films
Cyclic voltam m etry can be used to investigate many aspects o f the redox 
chemistry o f  C EP’sJ95̂  This includes studying the interactions between the 
electrolyte and the polymer,t96'102! the m obility o f the dopant within the polymer, 
[103,104] an(j p0 iymer stabilityP 5̂
2.43.1 PPyHQS
Figure 2.9 illustrates cyclic voltammograms (C V ’s) obtained using PPyHQS 
coated platinum electrodes and different electrolyte solutions. It can be seen that 
this polymer is electroactive and that it interacts differently with the different 
electrolyte solutions. Figure 2.9 (a) shows the cyclic  voltammogram obtained 
using K N 0 3 as the supporting electrolyte. In this system , the magnitude o f the 
currents passed are relatively low  compared to that seen for PPyPVP in the same 
e lec tr o ly te ,^  suggesting that the number o f potassium ions m oving into and out 
o f the polym er is relatively low , stifling current flow .
W hen the supporting electrolyte contained the divalent cations Ca2+ and M g2+, 
the resulting cyclic-'voltammograms were generally similar in shape, suggesting 
that PPyHQS behaved similarly for these cations. Generally the 
oxidation/reduction peaks were quite broad, suggesting relatively slow  
m ovem ent o f ions upon polymer oxidation and reduction.
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Figure 2.9: Cyclic voltammograms obtained using PPyHQS coated platinum electrodes 
in a range of electrolyte solutions: (a) 0.1 M KN0 3; (b) 0.1 M Ca(N03)2; (c) 0.1 M 
Mg(N03)2; (d) 0.1 M Cu(N03)2 and (e) 0.1 M Fe(N03)3. A scan rate of 100 mV/s was 
used in each case.
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H owever, w hen the supporting electrolyte contained C u (N 0 3)2 the cyclic  
voltam mogram w as very different to those obtained with the other divalent 
cations. This w as because peaks due to the oxidation and reduction o f  free Cu2+ 
obscured those attributable to the redox chemistry o f the polymer as a result o f  
the significant concentration o f  copper ions presentJ21̂  A s a consequence the 
features illustrated in Figure 2.9(d) are due m ainly to the redox chemistry o f  the 
free metal ion and are not indicative o f  the polym er system.
Ferric nitrate w as the only supporting electrolyte containing a trivalent cation that 
w as used as part o f this electrochem ical study. The cyclic voltam m ogram  
obtained again showed two sets o f redox peaks. One set at -0 .2  V  and -0 .4 5  V  
w as due to oxidation and reduction o f  the polymer and the other w as due to the 
Fe2+/Fe3+ couple. The peaks due to polymer oxidation and reduction are 
relatively broad and suggest that the polymer displays a slow  switching rate that 
is accom panied by relatively slow  ion movem ent. Similar cyclic voltam mograms 
w ere obtained when a stainless steel plate replaced the platinum working  
electrode.
Overall these results show that PPyHQS film s are electroactive and display 
different electrochemical responses toward a range o f ions. Consequently this 
system  appears to be an interesting choice for metal ion transport studies across 
free standing or supported membranes. The results obtained from each o f  the 
cy c lic  voltam mograms in Figure 2.9 are summarised in Table 2.2.
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Table 2.2: Anodic peak potentials (Epa) and cathodic peak potentials (Epc) obtained 
from cyclic voltammograms using PPyHQS coated electrodes immersed in solutions 
containing different supporting electrolytes.
Supporting Electrolyte 
(0.1 M) Epc (V) Epa (V)
Na+ -0.30 0.30
K+ -0.20 0.40
Ca2+ -0.30 0.30
Mg2+ -0.15 0.30
Cu2+ - -
Fe3+ -0.50/-0.20 -0.50/-0.45
2.43.2 PPyDNA
Figure 2.10 illustrates the cyclic  voltam mograms obtained using PP yD N A  coated  
platinum electrodes and a variety o f  supporting electrolytes. A s for the PPyHQS  
system  above it appears that this polymer interacts differently with specific  metal 
ions. W hen KNO3 w as used as the supporting electrolyte the resulting cyclic  
voltam mogram (Figure 2 .10(a)) contained w ell defined redox peaks. This 
suggests that upon polymer oxidation and reduction potassium  ions m ove very 
quickly into and out o f the polym er film . The low  currents associated with the 
redox peaks suggests that the amount o f  ions m oving between the polym er and 
solution w as relatively low  at the scan rate used.
C yclic voltam mograms obtained using supporting electrolytes containing 
divalent cations generally exhibited similar characteristics to those obtained 
using KNO3. For exam ple, the peaks present in Figures 2.10 (b) and (c), obtained
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using C a(N 0 3)2 and M g(N 0 3)2, respectively are relatively well defined with 
small currents.
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Figure 2.10: Cyclic voltammograms of PPyDNA coated platinum electrodes in a range 
of electrolyte solutions: (a) 0.1 M KN03; (b) 0.1 M Ca(N03)2; (c) 0.1 M Mg(N03)2; (d) 
0.1 M Cu(N 03)2 and (e) 0.1 M Fe(N03)3. A scan rate of 100 mV/s was used. The
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reference and auxiliary electrodes used were platinum mesh and Ag/AgCl (3 M HC1), 
respectively.
The cyclic voltammogram obtained when using copper nitrate as the supporting 
electrolyte exhibited a distinct set o f redox peaks at 0.5 V  and -0 .4 5  V  (Figure 
2.10 (d)). These are attributed to the copper redox couple and no signals can be 
seen as a result o f the oxidation and reduction o f the polymer. Any change in 
current due to the polymer was swam ped by the Cu2+/Cu signal as this was 
present in high concentration.
When ferric nitrate was used as the supporting electrolyte the cyclic  
voltammogram shown in Figure 2.10 (e) w as obtained. In this case there are two 
distinct, independent sets o f peaks. Those in the more positive potential region 
are attributed to the iron redox couple w hile those in the more negative region are 
due to the reduction and oxidation o f the polymer.
The cyclic  voltammetry results show that this polymer system is electroactive. 
Furthermore the variations observed in anodic and cathodic peak potentials 
(Table 2 .3) on changing the supporting electrolyte indicate that this material 
responds differently to different cations. PPyDNA is therefore an interesting 
candidate for transport studies using conducting polymer membranes. Similar 
cyclic voltammograms were obtained when using a stainless steel plate working 
electrode. These results are summarised in Table 2.3.
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Table 2.3: Anodic peak potentials (Epa) and cathodic peak potentials (Epc) obtained 
from cyclic voltammograms using PPyDNA coated platinum electrodes immersed in 
different supporting electrolyte solutions.
Supporting Electrolyte 
(0.1 M) Epc (V) Epa (V)
r -0.10 0.10
Ca2t 0.05 0.20
Mg2+ 0.05 0.45
Cu2+ -0.30 0.45
Fe3+ -0.5/0.50 -0.45/0.60
2.4.5 Atomic Force Microscopy (AFM) and Scanning Electron 
Microscopy (SEM)
Two o f the most common surface characterisation techniques used for polymer 
film s are AEM and SEM .[105'106,107'110] A  typical polypyrrole film has a 
cauliflower like nodular surface that can clearly be seen using both AFM  and 
SEM .i74,38,14,42,62] The former method provides more detailed analysis by 
permitting the “roughness” o f a defined region to be calculated. [111‘1131 The 
“roughness” o f a membrane surface is the difference in the surface area between  
the actual polymer surface and that o f a perfectly smooth material with the same 
dimensions. Since the rate o f movement o f ions into a conducting polymer may 
be expectecFto depend on the^true surface area-it-may-be~ expected-that if all 
factors were equal the rougher the surface o f the polymer membrane, the greater 
its metal ion permeability.
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2 A  5.1 PPyHQS
Tapping mode AFM was used to image a 30 pm x 30 pm area o f a PPyHQS 
membrane grown galvanostatically (Figure 2.13). The resulting micrograph 
shows the typical nodular or cauliflower like surface seen with most polypyrrole 
films.[62,741 Roughness analysis indicated that there was a 9.6% surface area 
difference, suggesting that the membrane was relatively smooth. A cross section 
of the scanned image was also recorded. This showed that the maximum vertical 
distance between any two points along a portion of membrane 7.4 pm long was 
714 nm. This indicated that although the membrane was relatively flat, there 
were some deep pits present.
Figure 2.13: AFM image of a PPyHQS membrane grown galvanostatically at a current 
density of 2 mA cm'2 for 60 minutes from a solution containing 0.2 M pyrrole and 
0.1 M HQS. A three electrode cell was used consisting of a 6 cm2 stainless steel plate 
working electrode, a RVC auxiliary electrode and Ag/AgCl (3 M HC1) reference 
electrode.
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The above results obtained with AFM were supported by SEM imaging (Figure 
2.14). This latter technique showed an even distribution of cauliflower-like 
nodules present on the polymer surface.
Figure 2.14: SEM image of a PPyHQS membrane grown galvanostatically at a current 
density of 2 mA cm'2 for 60 minutes from solution containing 0.2 M pyrrole and 0.1 M 
HQS. A three electrode cell was used consisting of a 6 cm2 stainless steel plate working 
electrode, RVC auxiliary electrode and Ag/AgCl (3 M HC1) reference electrode.
2A.5.2 PPyDNA
It was expected that the presence of the large, bulky dopant in this membrane 
would create a highly nodular and very rough surface. An AFM micrograph of 
the surface obtained in contact mode (Figure 2.15) showed that the surface of the
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polymer was indeed made up of the cauliflower like structure typical of 
polypyrrole films.
Figure 2.15: AFM image of a PPyDNA membrane deposited galvanostatically at a 
current density of 2 mA cm'2 for 60 minutes from a solution containing 0.2 M pyrrole 
and 0.2% w/v salmon sperm DNA. A three electrode cell was used consisting of a 6 cm2 
stainless steel plat working electrode, a RVC auxiliary electrode and Ag/AgCl (3 M 
HC1) reference electrode.
However, cross sectional analysis of the sample showed a maximum peak to 
valley separation of only 569 nm, which is less than that seen for the PPyHQS 
system. This suggests the film surface is relatively smooth, which was confirmed 
by performing a roughness analysis of the surface. Only a 7% surface area 
difference was calculated for PPyDNA, which was less than the value of 9.6%
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calculated for PPyHQS. It therefore appears that the surfaces o f PPyDNA 
membranes are relatively smooth and have a similar structure to that o f PPyHQS 
membranes. This is supported by examination o f an SEM micrograph o f a 
PPyDNA membrane (Figure 2.16).
Figure 2.16: SEM image of a PPyDNA membrane grown galvanostatically at a current 
density of 2 mA cm'2 for 60 minutes from a solution containing 0.2 M pyrrole and 
0.2% w/v salmon sperm DNA. A three electrode cell was used consisting of a 6 cm 
stainless steel plate working electrode, RVC auxiliary electrode and Ag/AgCl (3 M 
HC1) reference electrode.
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2.4.6 Elemental Analysis and Conductivity
2.4.6.1 PPyHQS
Elemental analysis results for a PPyHQS membrane are presented in Table 2.4, 
and suggest that there was 1 HQS m olecule per 9 pyrrole monomer units also 
bound within this matrix are 12 H 20  m olecules. Similar high monomer to dopant 
ratios have been seen previously for polym ers containing bulky anions ^  and 
polyelectrolytesJ26̂  The conductivity o f  this film  was determined by the Four 
Point Probe method to be 0.1 S cm '1.
Table 2.4: Elemental analysis of a free standing PPyHQS membrane.
PPyHQS C H N S Cl
Calculated* 62 3.7 14 6.6 0.0
Found 54 4.0 14 3.2 0.60
* calculated for (Py)9HQS.12H20
2A.6.2 PPyDNA
A n elemental analysis o f this polymer w as not conducted, as dopant nitrogen 
cannot be distinguished from the pyrrole monomer nitrogen. However the 
conductivity o f this material w as determined, and found to be 0.1 S cm'1.
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2.4.7 UV-visible Spectroscopy
The U V -visible spectrum o f  conducting polypyrrole film s has som etim es been  
used as an indicator o f their conductivity.1621 Typically there are two peaks in the 
spectrum, approximately at 500  nm and 900 nm. These are attributed to polaron 
and bipolaron bands, respectively.1741 The presence o f the latter band, also called  
a free carrier tail, is an indication that the polymer being examined is conducting.
2.4.7.1 PPyHQS
The U V -visible spectrum o f PPyHQS is shown in Figure 2.17. The spectrum  
contains a free carrier tail at 900 nm, consistent with electrically conducting 
polypyrrole. This w as subsequently confirmed by measuring the conductivity o f  
a PPyHQS membrane using the Four Point Probe method. A  value o f 0.1 S c m 1 
was obtained, which w as lower than typical values obtained for polypyrrole 
membranes.1141
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Figure 2.17: UV-visible spectrum of a PPyHQS film grown galvanostatically onto ITO 
glass from a solution containing 0.2 M pyrrole and 0.1 M HQS
2.4J.2 PPyDNA
The UV-visible spectrum of PPyDNA is shown in Figure 2.18. While there are 
noticeable differences between this spectrum and that of PPyHQS, it does also 
contain a broad peak centred at approximately 900 nm, indicating that the 
polymer is electrically conducting. This was then confirmed by the four point 
probe conductivity (FPPC) test, which gave a value of 0.1 S cm '1, similar to that 
seen for PPyHQS. Although this conductivity is also lower than that typically 
found for polypyrrole films, it is comparable to that reported previously for 
polypyrrole doped with PVP, another large polyelectrolyte dopant J62]
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W avelength (nm)
Figure 2.18: UV-visible spectrum of a PPyDNA thin film grown onto ITO glass from a 
solution containing 0.2 M pyrrole and 0.2% w/v salmon sperm DNA.
2.10 Transport Experiments
2.10.1 PPyHQS
Transport o f a range o f metal ions including alkali ions and transition metal ions 
across PPyHQS/Pt/PVDF membranes was investigated. In each case the feed 
solution consisted o f a 0.1 M solution of a single metal nitrate salt, as was also 
used for the electrochemistry experiments outlined previously. The transport 
profiles for the alkali metal ions potassium, calcium and magnesium are shown in 
Figure 2.19.
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Figure 2.19: Transport profiles for K+, Ca2+ and Mg2+ across PPyHQS/Pt/PVDF 
composite membranes. Aqueous feed solutions: 0.1 M metal ion. Permeate solution: 
Milli-Q water. Region A: No applied potential, Region B: Applied potential pulsed 
between +0.45 V and -0.75 V; pulse width 50 seconds. Region C: No applied potential.
It can be seen that, as expected, during the initial 2 hours there was no significant 
transport o f the cations. However, once the pulsed potential was applied there 
was a significant increase in the amount o f potassium transported across the 
membrane to the permeate solution. In contrast, when the experiment was 
repeated using a feed solution containing either calcium or magnesium ions there 
was very little transport during this period.
Overall the potassium transport profile is very similar to others reported 
previously [38,41,62] for this metal ion and other conducting polymer membranes.
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However, it is surprising that it was the only alkali ion transported across this 
membrane. These results indicate that PPyHQS membranes may be selectively 
permeable towards metal ion mixtures containing potassium and, for example, 
calcium (K /Ca2+ selectivity = 1.8). Using the maximum concentration o f 
potassium in the receiving solution the flux o f potassium across the membrane 
was calculated to be 4.6x10 10 mol s' 1 cm '2. This value is smaller than those 
obtained previously for this metal using conducting polymer membranes 
composed o f PPyPVP (5 .5xl0 '9mol s' 1 cm*2) and PPyBCS (7.1xl0 '9mol s*1 cm*2). 
This is also seen with calcium transport flux rates with 2.6x10*10 mol cm*2 s*1, 
lower than seen for PPyPVP (4.36xlO*10 mol cm*2 s*1)^62’611
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Figure 2.20: Transport profiles for Cu2+ and Fe3+ across PPyHQS/Pt/PVDF composite 
membranes. Feed solutions: 0.1 M metal ion in 0.01 M H2SO4. Permeate solution: 0.01 
M H2SO4. Region A: No applied potential, Region B: Applied potential pulsed between 
+0.45 V and -0.75 V; pulse width 50 seconds. Region C: No applied potential.
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Transport profiles for the transition metal ions copper and iron are presented in 
Figure 2.20. With this polym er system  there is a high degree o f  selectiv ity  for 
copper over iron. U sing data from Figure 2.20 the fluxes o f these m etals were 
calculated to be 2 .8 x l0 '9 m ol cm'2 s'1 and 3 .2 3 x l0 'n  m ol cm'2 s'1, respectively  
(Cu2+/Fe3+ selectivity = 87.9). Previously the highest Cu2+/Fe3+ selectivity  
observed was 14.5 for PPyBCS com posite membranes^611 In the initial phase o f  
the experiment, when no potential w as applied, there was no transport o f  either 
ion, as would be expected. During the second phase, however, when a pulsed 
potential w as applied, there w as a marked increase in the amount o f  copper 
detected in the receiving cell, although for the corresponding experiment 
involving iron there w as a much smaller increase in metal ion concentration. 
Finally there was a small additional increase in the concentration o f copper in the 
receiving solution after the pulsed potential was stopped, w hile again there was 
minimal transport o f iron. The reason for the increase in copper concentration in 
the final phase o f the experiment w as the slow  dissolution o f copper metal that 
had deposited on the auxiliary electrode in the receiving solution during the 
pulsed potential phase. Once the potential was removed, the solid copper 
dissolved in the acid solution, giving a true measure o f the total amount o f copper 
transported. The transport o f a range o f other transition metal ions was 
investigated including Co2+, N i2+, Mn2+ and Zn2+. O f these only cobalt was 
transported across a PPyHQS/PtPVDF membranes with a measurable flux of 
2.30xl0"9 m ol cm'2 s'1. Overall the results indicate that this polymer system
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appears to display a high degree o f selective permeability towards the metal ions 
examined.
It is somewhat surprising that PPyHQS should be permeable towards K+, but not 
Ca2+ and M g2+, or that o f  the six transition metals exam ined only Co2+ and Cu2+ 
could be transported. Examination o f the stability constants for the com plexes 
formed between PPyHQS and the various transition metals indicates that the 
most stable com plex is that with Fe3+, for which is significantly greater in 
magnitude than for the next most stable com plex. This indicates the possible 
formation o f very stable Fe-HQS com plexes which remain trapped within the 
polymer membrane, even when a positive potential is applied. A  comparison o f  
the logK 3 values for com plexes formed between PPyHQS and cobalt, nickel and 
copper show that they are very similar. Since only cobalt and copper were 
transported across PPyHQS com posite membranes, this suggests that the stability 
of the metal-ligand com plexes within the membrane is not the only factor 
important in determining transition metal ion permeability.
2.10.2 PPyDNA
Transport profiles for M g2+, K+ and Ca2+ across PPyDNA membranes are 
presented in Figure 2.21. A s was seen earlier for PPyHQS membranes, only the 
alkali metal potassium could be transported across this membrane. The lack o f  
transport for both Ca2+ and M g2+ may be a result o f tight binding with the D N A
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dopant, which is known to bind Ca2+ and M g2+ much more tightly than K+ in 
vz'vo.[94] A  potassium  flux rate o f 4 .6 5 x l0 '9 m ol cm '2 s'1 w as obtained from Figure 
2.21 and is significantly greater than that obtained w ith PPyHQS or any other 
system previously.
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Figure 2.21: Transport profiles for K+, Mg2+ and Ca2+ across PPyDNA/Pt/PVDF 
composite membranes. Feed solutions contained aqueous solutions of 0.1 M metal ion. 
Permeate solutions contained Milli-Q water. Region A = No applied potential; Region B 
= Applied potential pulsed between -0.45 V and +0.75 V with a pulse width of 50 
seconds; Region C = No applied potential.
Figure 2.22 presents the transport profiles obtained when solutions containing 
either copper or iron were used in the feed compartment. At no stage was any 
transport o f iron observed, even during the applied potential phase o f the 
experiment. On the other hand significant transport o f copper was observed. The 
behaviour o f this membrane was therefore very similar to that seen earlier for
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PPyHQS. Significant amount o f copper metal deposited on both the membrane 
and auxiliary electrode in the receiving solution, as w as also seen with PPyHQS. 
The flux o f copper ions across PPyD N A  w as 6 .34xlO '10 mol s'1 cm'2, which is 
smaller than the value o f 2.84x1 O'9 m ol s'1 cm'2 obtained with PPyHQS. One 
possible reason w hy copper was transported across both membranes, but not iron 
or most other transition metals, is because the low er reduction potential for Cu2+ 
creates an alternative transport m echanism that is not available to the other 
transition metal ions. During the reductive phase o f the applied pulsed potential 
copper metal deposits on the membrane. This acts as a pre-concentration step, 
prior to oxidation and transport when the potential is made positive.
oco
U
7 0  1 ■
60 - II
50 - ■
40 - 11
30 -
20 - ■
10 - ■
■
0 1̂----- • ----- • ----- • ----- 11----- ♦ ------♦ ----- ♦ ------4 ------♦ ----- ♦ ----- ♦
0 30 60 90 120 150 180 210 240 270 300 330
♦ Fe 
■ Cu
Time (min)
Figure 2.22: Transport profiles for Cu2+ and Fe3+ across PPyDNA/Pt/PVDF composite 
membranes. Feed solutions contains 0.1 M metal ion in 0.0 1M H2SO4, Permeate 
solutions contained 0.01 M H2SO4. Region A = No applied potential; Region B = 
Applied potential pulsed between -0.45 V and +0.75 V with a pulse width of 50 
seconds; Region C = No applied potential.
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The above results suggest that PP yD N A  should be capable o f selectively  
recovering copper ions from solutions containing both copper and iron. This w as 
tested in an experiment where the source solution contained equal amounts o f  
both metal ions. The results o f this experiment, shown in Figure 2.23, 
demonstrated that copper w as transported much more extensively across the 
membrane than iron. A  comparison o f  the copper fluxes obtained under the 
different conditions showed that w hen only copper was present in the feed  
solution a flux o f 6.3xlO '10 mol s'1 cm '2 was obtained, which was only slightly  
higher than when iron was also present in the feed solution  
(6.1xlO '10 mol s'1 cm'2). Thus it can be concluded that this polymer system, under 
the conditions outlined, exhibits selectivity toward potassium and copper ions 
over all the other ions investigated.
♦ Cu 
■ Fe
Time (min)
Figure 2.23: Transport profiles for Cu2+ and Fe3+ across a PPyDNA/Pt/PVDF composite 
membrane. Feed solutions contained 0.1 M metal ion in 0.01 M H2SO4. Permeate 
solution contained 0.01 M H2S04. Region A = No applied potential; Region B = 
Applied potential pulsed between -0.45 V and +0.75 V with a pulse width of 50 
seconds; Region C = No applied potential.
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The metal ion fluxes for both polymer system s are presented in Table 2.4. 
Overall the fluxes obtained with both polym ers were generally lower than for 
most other comparable system s. H owever, it should be noted that although the 
overall permeability o f both membranes w as lower, the selectivity o f  both the 
PPyHQS and PPyD N A  membranes w as significantly greater than has been seen  
previously.
Table 2.4: Metal ion fluxes obtained from transport experiments involving 
PPyHQS/Pt/PVDF and PPyDNA/Pt/PVDF membranes. (ND -  not detected in receiving 
solution; NI -  not investigated).
Metal Ions PPyHQS (m o is 1 cm'2) PPyDNA (mol s'1 cm'2)
IT 4.61xlO'10 4.65xl0"9
Mg2* ND ND
Ca2* 2.63xlO'10 ND
Mn2* ND NI
Fe3* 3.23X10"11 ND
Co2* 2.30xl0"9 NI
Ni2* ND NI
Cu2* 2.84xl0"9 6.34xlO"10
Zn2* ND NI
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2.5 Conclusions
We have been able to successfully prepare both PPyHQS and PPyD N A  as thin 
films on a platinum electrode, as free standing membranes, and as 
PPyHQS/Pt/PVDF and PPyD N A/Pt/PV DF com posite membranes. Both 
polymers were successfu lly prepared using three different electrochemical 
techniques; galvanostatic, potentiostatic and potentiodynamic polymerisation. 
However galvanostatic conditions were preferred as this gave the best overall 
films. Cyclic voltammetry experiments were used to exam ine the interactions 
between both polymers and different electrolyte solutions. O f the cations 
investigated, it appeared that only potassium and copper interacted with the 
polymer to a significant extent. This correlated w ell with the results o f transport 
experiments, which showed that both membranes were moderately permeable to 
both K+ and Ca2+, but not too most other metal ions. The film s were shown to be 
conducting by U V -visible spectroscopic investigations and by the four point 
probe conductivity technique. Both AFM  and SEM showed that free standing 
membranes com posed o f both polymers exhibited the typical nodular or 
cauliflower like morphology typical o f polypyrroles. Transport experiments 
clearly demonstrated that both polymer systems exhibited selectivity for copper 
over iron. In the case o f PPyHQS, there was also some degree o f selectivity for 
potassium over calcium and magnesium, though this was not as great as that seen 
for the PPyDNA system, which showed a high degree o f selectivity for 
potassium over both calcium and magnesium. However, in general the 
permeability o f these membranes was low  making them less attractive for metal
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ion recovery applications. Future work in this area may include the incorporation 
o f other selective chelating groups as dopants or the use o f  these membranes in 
other areas o f research. One method w hich can be used to overcome the low  
permeability o f  these materials is an increase in the surface area o f the membrane 
exposed to solution. Such high surface area materials include inverse opals and 
fibrillar membranes.
72
Chapter 3 Inverse Opal
Chapter 3 Highly Ordered Membrane Structures I -  
Inverse Opals.
3.1 Introduction
In chapter 2, the preparation o f highly selective membranes was clearly 
demonstrated through the use o f conducting polymer membranes. The 
permeability however, o f various ions through the polymers proved to be low . It 
w as hoped that highly ordered, high surface area membranes could be used to 
overcom e low  flux rates. By simply increasing the amount o f polymer exposed to 
solution, the amount o f ions interacting with the polymer would also increase. 
Two types o f membranes were investigated, these were inverse opal conducting 
polymer membranes and fibrillar membranes. Inverse opal CEP membranes were 
initially prepared in order to investigate the effect o f increased surface area. A  
range o f fibrillar membranes were then prepared in which a range o f dopants 
were used to prepare the membranes. This allowed the investigation o f both 
increased surface area and dopant selectivity.
3.1.0 Natural Opals
The structure o f natural opals was determined in the 1960’s.[114] Electron 
m icroscopic investigations showed that opals were composed o f a regular array
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o f amorphous silica spheres each w ith a diameter o f approximately 200 nm .[115] 
Owing to the regular structure present in opals they are able to diffract visible  
lightJ114'118J It is this effect, known as Bragg diffraction, which gives opals their 
characteristic iridescence.
Natural opals are formed in nature by sedimentation o f colloidal S i02  particles. 
Depending on the environmental conditions these colloidal spheres can form  
regular arrays or a disordered materialJ119̂  Larson and Grier have presented 
evidence to show that there are long range attractive interactions between like 
charged colloidal microspheres w hich is believed to promote the formation o f  
ordered structures such as those in gem  quality opals over disordered phase 
transitions.^12̂  When a solution o f colloidal SiC>2 particles undergoes 
sedimentation layers o f S i02  particles form. It has been shown that as the density 
o f S i0 2 spheres increases they interact strongly forming an ordered structure. 
Providing there is less than 5% variation between the size o f the spheres 
crystallisation occurs giving rise to an opal like structure.[118]
Scanning Electron M icroscopy (SEM ) studies have shown that there are a 
number o f types o f colloidal particle packing possible in natural opals.[121J Close 
packed ordering, also known as hexagonal packing is the most common form 
(Figure 3.1a)J119̂ This type o f ordering gives rise to higher density opals than 
random packing and is thus favoured under the right conditions o f pressure and 
evaporation rate.
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(b)
Figure 3.1: The two most common forms of colloidal packing seen in natural opals: (a) 
Hexagonal packing, and (b) Square packing.
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Another very com m on form o f  packing is known as square packing or face 
centred cubic packing (FCC) (Figure 3 .1b ).ill5i It should be noted that within any 
given opal sam ple the type o f packing changes randomly and often. These 
variations are due to stacking faults such as point defects, dislocations and 
twinning w ithin the close packed structure.1115] It is these faults and regions o f  
varied packing arrangements which gives rise to the w ide range o f colours 
observed within a sample o f natural opal.
Opals have long been highly sought after within the fashion industry particularly 
for their use in jew ellery. However, they also have a w ide range o f applications 
in materials science and technology. The ability o f natural opals to diffract white 
light is due to the differences in refractive indexes between silica spheres and the 
voids surrounding the spheres, this is known as Bragg Diffraction.[135J This 
ability m akes opals particularly attractive for applications as optical devices or as 
photonic band gap (PBG) materials.[116,122,123] PBG materials have three 
dimensional structures that do not allow photons with certain energies to pass. 
The main criteria for these types o f materials is a highly ordered structure made 
up o f  for exam ple silica spheres with diameters comparable to the optical 
wavelength o f interest. Natural opals are ideal for such applications as they are 
both highly ordered and composed o f spheres with diameters o f around 200 nm.
H owever, a drawback to using opals as PBG materials is their high cost and low  
availability in a pure form. A s mentioned earlier, many natural opals have
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structures containing defects. In order to overcom e this problem scientists have 
developed methods for producing what are know n as synthetic opalsJ124̂  T hese  
are prepared from silica or polystyrene dispersions containing spheres with a 
high degree o f  monodispersity^123̂ . The attractiveness o f these new materials is 
that they can be tailored to m eet specific  applications. For example, the size o f  
the particles can be specifically chosen to suit a particular application, whereas in 
natural opals this is not achieved.
3.1.1 Synthetic Opals
Synthetic opals are most com m only prepared from silica or polystyrene 1̂25,126  ̂
particles by a number o f techniques'127’131̂  M uch o f  the work involving synthetic 
opals has focused on self assembly o f crystalline structures for light em ission  
control applications^132’136̂  Generally they all involve three basic steps, the first 
o f which is the synthesis o f a highly monodisperse colloidal solution. It has been 
shown that this is the most important factor for obtaining opals possessing  
desirable optical properties.[137,138i The use o f a colloidal suspension without a 
high degree o f monodispersity results in imperfections and disorders in the opal. 
There are now  a number o f techniques used to prepare monodisperse silica and 
polystyrene colloids.1127’137̂
The second step involves packing the colloids to form a highly regular crystalline 
structure. This usually involves sedimentation and evaporation or filtration. The
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final step consists o f sintering or annealing the colloids to g ive a coherent solid  
structure that g ives the opal greater strength and rigidity by forming intersphere 
connections. For example, by heating a silica  synthetic opal the individual colloid  
particles becom e tacky and fuse together to form a coherent film.
Generally there are three factors w hich need to be considered in order to prepare 
highly ordered synthetic opals.[139] T hese are:
1. The diameter o f  the particles and their monodispersity,
2. Particle volum e fraction o f  the suspension, and
3. Evaporation rate.
Ideally opals should be formed from a highly monodisperse, concentrated 
colloidal solution with particle diameters o f approximately 0.2 pm, at a slow  
evaporation rate.
The m ost common method for preparing synthetic opals is known as the 
sedimentation/evaporation technique (Figure 3 .2)J137,140] A  thin layer o f colloidal 
dispersion is spread onto a suitable substrate and left to dry, typically at room  
temperature. This results in a slow  evaporation rate, promoting a highly ordered 
crystal structure. Another method for preparing synthetic opals is the spin coating 
technique, where the colloidal suspension is rapidly spread out on a rotating
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substrate.[139i Both methods are very simple procedures, however, a major 
drawback with both is that neither technique can be used to control film thickness 
accurately. In addition, films prepared using these methods are also prone to 
exhibiting a range o f defects and mechanical instability due to the presence o f 
voids and multilayers.[1411
Monodisperse
^  ^  ^  ^  ^  __ Highly orderedOOOG3" ’ Synthetic opaloooooo
Figure 3.2: Evaporation method used for the preparation of synthetic opals.
Another less common method used to fabricate highly ordered 3D membrane 
films is known as pressure filtration (Figure 3 .3)J142,143̂ This technique has the 
advantage o f being able to fabricate crystalline assemblies over relatively large 
areas as well as allow control film thickness. In this technique an aqueous 
colloidal dispersion is injected into a cell that is pressurised with N 2 gas. The gas
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forces the water to pass through pores in the bottom of the cell leaving behind an 
ordered colloidal assembly.
Hz
Figure 3.3: Preparation of synthetic opals using the Pressure Filtration method.
More recently it has been found that synthetic opals can also be prepared by the 
electrophoretic deposition of negatively charged polystyrene spheres onto ITO 
glass supports.[141,144J The advantage of this technique is that high quality crystals 
can be prepared in a relatively short time frame compared to the 
sedimentation/evaporation method outlined above.
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It should be noted that silica and polystyrene colloids are not the only materials 
capable o f forming highly ordered opaline film s. Kumacheva et al. developed a 
method to prepare polymer nanocom posites w ith regular structures such as opals, 
using core-shell particles made up o f  rigid functionalised cores which were 
synthesised from poly(methyl) methacrylate, and soft inert shells synthesised  
from the copolymer(methyl) methacrylate-(butyl) methacrylateJ145̂ These 
colloids were then pack into a highly ordered, opal-like structure. Synthetic opals 
have proved to be interesting materials with potential applications in many 
areasJ146-149!
3.1.2 Inverse Opals
More recently these materials have been used as templates for the incorporation 
o f other materials. Subsequent removal o f the opal template then gives rise to 
materials known as inverse opals that are important in a variety o f applications 
such as catalytic supports,[150,151! film s for separations;1421 and building blocks for 
tissue engineering;1521 Previously highly ordered and porous structural features 
had been introduced into polymeric materials by a number o f methods such as 
using structure directing agents or space fillers;1531 In addition chemical 
etching,[154] electrochemical etching,11551 and ion-track etching o f polymers have 
been used [156] as w ell as the use o f self assembled block co-polym ers.[1571 
H ow ever, it has since been determined that the colloidal templating method is
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significantly cheaper than these methods for producing m icroporous 
membranes.^158,123,1591 It has also proved to be a more flexib le method to produce 
such film s.[1601
Som e of the earliest work in the area o f inverse opals w as performed by 
Zakhidov et alS1581 Inverse opals were formed by chem ical rem oval o f  an opal 
structure constructed from silica spheres, after the void spaces betw een the silica  
spheres had been filled with either phenolic resin, propylene, diamond or carbon. 
Other work since then has included the incorporation o f liquid precursors some 
o f which are U V  or thermally curable,[1421 polym ers,f161'163,1641 inorganic 
ceramics^165,1601 and even m etalsJ1371 By filling the void spaces within the 
synthetic opal host structure w ith various compounds, materials are created with 
novel physical properties.^1661 These inverse opal structures have been used as 
substrates for the fabrication o f new types o f optical sensors and selectively  
permeable membranes.^167,1681
Little work has been carried out in the area o f conducting polymer inverse opals, 
the focus to date being on the coating o f individual colloidal spheres with 
conducting polymer.1169'1721 Although this work has shown som e promise, it was 
found that such particles are not colloidially stable unless a steric stabiliser is also 
added to prevent particle aggregation. No experimental evidence w as provided to 
support their claims o f colloidal stability. Later studies demonstrated that such 
particles can be coated with polypyrrole to form com posites with good stability.
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In 1997 Lascelles and de Arm es were able to prepare micron sized polypyrrole 
coated polystyrene latex particles by deposition from aqueous solution.[173] They  
found that if  the polypyrrole coating w as very thin relatively few  doublets (two  
colloids fused together) or larger floccs occurred. Other workers have since  
determined the conductivity and polymer loading o f  these materials,[170] and 
characterised them using SEM  and A FM .t173̂
More recently it has been shown that conducting polymers such as polyaniline 
and polythiophene can be deposited into the void spaces o f a synthetic 
opal.[163,1741 W ang and Caruso demonstrated a technique to prepare polyaniline 
inverse opalsJ1751 They initially prepared a polystyrene synthetic opal which was 
then infiltrated with a solution o f aniline hydrochloride by 
centrifugation/filtration. Polymerisation o f the aniline was then achieved by the 
addition o f potassium peroxodisulfate in situ. Finally the polystyrene opal host 
was removed chem ically leaving a rigid, self-supporting conducting polyaniline 
inverse opal material.
Betw een 1997 and 1999 som e o f the first investigations into the optical 
properties o f conducting polymers in photonic crystals were 
conducted.[149,158,176,177,178i It was found that conducting polymers in periodic 
structures such as synthetic opals exhibited novel and unique photoluminescent 
(PL) and electrolum inescent (EL) properties.[179] These materials also possess
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properties w hich can be exploited in areas such a optics and membrane 
separations. Recently Y oshino et al. have show n that the properties o f  these 
photonic crystals containing inverse opals can be tuned by varying preparative 
conditions such as periodicity, filling fraction, crystal structure and reflective  
indexJ179,180,1811 Their study focused specifically on photonic crystals based on 
conducting polym ers such as polythiophene and its derivatives.
Other workers have demonstrated that conducting polym er inverse opals provide 
the theoretical prediction that the inhibition o f spontaneous em ission rates for 
fluorescent m olecules at one rate o f transition frequencies is compensated for by 
enhancement at other frequencies.[182J More specifically changes were observed 
in the photoinduced absorption properties o f a jt-conjugated polymer infiltrated 
opal.11831
To date no work has focused on the use o f polypyrrole conducting polymer 
inverse opals as membranes for separating mixtures o f metal ions. It is 
hypothesised that the high surface area o f these inverse opals, together with the 
electrochem ically controlled switching behaviour o f CEP’s, w ill offer significant 
increases in flux rates during metal ion transport experiments.
The aim o f this work is to prepare polystyrene latex opal film s on a suitable 
substrate and then infiltrate the void spaces with a conducting electroactive 
polymer using electrochemical deposition. This would then be followed by the
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removal o f the opal template leaving a highly ordered, high surface area 
conducting polym er film. The highly ordered membrane w ill then be 
characterised, and if  suitable as a membrane type separations material with high  
porosity and surface area due to the opal template structure.
3.1.3 Experimental.
3.1.3.1 Polystyrene Opals
Synthetic opals were prepared using m onodisperse polystyrene beads in water 
with a diameter o f 220 nm ± 12 nm supplied by Polysciences, U SA . The 
evaporation technique was used to prepare the highly ordered opaline material. 
The substrate, typically ITO glass, w as cleaned using detergent follow ed by 
50:50 ethanol/water to remove any grease or oil and make the surface 
hydrophilic. This allowed the polystyrene solutions to be evenly spread over the 
entire surface o f the substrate. The aqueous polystyrene solution was then 
allow ed to evaporate at room temperature leaving behind a film o f highly ordered 
polystyrene.
3.1.3.2 Composite PPyClpSTY
A  synthetic opal was prepared as set out above. When dry, a drop o f 0.1 M 
pyrrole monomer and 0.1 M KC1 was placed over the opal deposited onto ITO 
glass and allowed to soak for 30 minutes, allow ing both the monomer and dopant
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to infiltrate the opal matrix. The glass slide w as then placed in a polym erisation  
solution containing 0.1 M pyrrole and 0.1 M KC1, and the polym er deposited by 
applying a constant current density o f  2  m A  cm'2 for 60 seconds.
3.1.3.3 Inverse PPyCl Opals (iPPyCl)
The polystyrene present in com posite PPyClpSTY opals was dissolved by 
soaking the material in acetone for up to 24 hours and then, prior to analysis, 
washing with M illi-Q water and air drying.
3.1.4 Results and Discussion
3.1.4.1 Characterisation - Synthetic Opal
The first evidence obtained for the production o f synthetic polystyrene opals was 
the iridescent sheen present due to the Bragg diffraction o f light from  
crystallographic planes characteristic in opal structures.1114'1181 Figure 3.4 shows 
an SEM  micrograph o f a typical polystyrene synthetic opal, clearly illustrating 
the face centred cubic (fee) packing typical o f opaline crystals. It can be seen that 
this ordering extends over a reasonable range with few  defects present in the 
film .
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figure 3.4: SEM micrograph image of synthetic opals formed using the evaporation 
technique from a polystyrene colloidal dispersion. Particle size = 215 ±5 nm.
Polystyrene opals were also deposited onto a range of other substrates including 
uncoated and platinum coated PVDF filters. It was found that in the case of 
PVDF filters any platinum coating tending to disrupt the packing of the colloids 
resulting in the opals not depositing evenly over the entire surface. Deposition 
onto platinum coated PVDF filters was found to be patchy regardless of pre­
treatment of the substrate by pre-soaking in the ethanol:water solution. 
Consequently all subsequent work was carried out on ITO glass substrate.
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UV-visible spectroscopy was another method used to characterise polystyrene 
synthetic opal films. The spectrum measured from 300 - 1100 nm is shown in 
Figure 3.5. Two peaks in the spectrum between 500 and 700 nm are due to a dye 
present in the polystyrene beads. This was used in later experiments as an 
indicator of the presence or the absence of polystyrene.
Figure 3.5: UV-visible spectrum of polystyrene opal deposited onto ITO glass substrate 
using the evaporation method. Estimated film thickness = 1200 nm.
3.1.4.2 Preparation o f Conducting Polymer Opal Composite (PPyClpSTY)
Potentiostatic growth of the composite opal was achieved using an opal coated 
ITO glass slide and a potential of +0.70 V. The resulting chronoamperogram is 
shown in Figure 3.6. These results show an initial sharp increase in the current 
within approximately 12 seconds of turning on the potential. This then droped off
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suddenly to a resting current of 0.02 mA. This is consistent with initially a layer 
of polymer being deposited with little more after this. This may be due to the 
very small amount of polymer forming between the polystyrene colloids.
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Figure 3.6: Chronoamperogram obtained during potentiostatic growth of PPyCl through 
a polystyrene opal matrix. The polymer was deposited from an aqueous solution 
containing 0.1 M pyrrole and 0.1 M KC1.
Potentiodynamic growth was also investigated as a method to preparing this 
polymer/opal composite (Figure 3.7). The potential was cycled between +0.8 V 
and -0 .8  V. It can be seen that for each successive cycle, the currents generated 
increased confirming polymer deposition.
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Figure 3.7: Cyclic voltammogram obtained during potentiodynamic growth of PPyCl 
deposited through an polystyrene opal matrix onto ITO glass from solution containing 
0.1 M pyrrole and 0.1 M KC1.10 cycles were conducted at 80 mV/s over ±0.8 V.
Galvanostatic growth methods was also used in preparing PPyClpSTY composite 
films. The results (Figure 3.8) were recorded using a constant current o f 
2 mA cm '2 for 60 seconds. A short growth time was needed in order to ensure 
that the polymer was deposited through the opal matrix without becoming too 
thick and forming a layer on top of the opal. The high potential seen early in the 
chronoamperogram is due to the slow movement of the monomer and dopant 
through the opal matrix to the surface of the ITO glass slide forming the initial 
polymer layer. Following this the potential drops to a resting potential of 1.5 mV.
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Figure 3.8: Chronopotentiogram obtained during the formation of PPyClpSTY 
composite film. The polymer was deposited from solution containing 0.1 M pyrrole and 
0.1 M KC1 at 2 mA cm'2 for 60 seconds.
3.1.4.3 Characterisation - Conducting Polymer Opal Composite 
(PPyClpSTY)
PPyClpSTY films were characterised by both SEM (Figure 3.9) and UV-visible 
spectroscopy (Figure 3.10). The edges of individual colloid particles are not as 
clearly defined as in the SEM of the polystyrene opal itself (Figure 3.4). This 
may be due to deposition of the polypyrrole on the opal. However, the figure also 
shows that polymer deposition occurred through the opal template, and did not 
simply blanket the entire surface of the crystal. This is evidenced by the obvious 
coating of the lower layers of the opal and particularly where colloids are missing 
and the polymer is seen to coat all around the colloids surrounding the hole.
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Figure 3.9: SEM micrograph image of the composite PPyClpSTY deposited onto ITO 
glass slide. Polymer was deposited galvanostatically from solution containing 0.1 M 
pyrrole and 0.1 M KC1 at 2 mA cm'2 for 60 seconds.
The UV-visible spectrum of PPyClpSTY shown in Figure 3.10 contains the 
characteristic pair of absorption bands at 610 nm and 650 nm due to the presence 
of polystyrene. However, in addition to these features which were also present in 
the spectrum of the polystyrene opal (Figure 3.5), there is also a free carrier tail 
seen from 750 nm indicating deposition of conducting polypyrrole.
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2
Figure 3.10: UV-visible spectrum of PPyClpSTY deposited onto ITO glass. Polymer 
deposited galvanostatically at 2 mA cm'2 for 60 seconds from solution containing 0.1 M 
pyrrole and 0.1 M KC1.
The conducting polymer/opal composite film was also characterised by cyclic 
voltammetry. Representative cyclic voltammograms, which were obtained in 
0.1 M N aN 03, 0.1 M K N 0 3 and 0.1 M Ca(N0 3)2 supporting electrolyte, are 
shown in Figure 3.11. Each shows that the composite material contains an 
electro active polymer, confirming what was suggested by the UV-vis spectrum. 
Attempts to obtain a cyclic voltammogram using the bare synthetic opal as the 
working electrode in all electrolyte solutions, not surprisingly failed as 
polystyrene is not conducting or electro active.
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Figure 3.11: Cyclic voltammograms of PPyClpSTY coated ITO glass. Polymer 
deposited galvanostatically at 2 mA cm'2 for 60 seconds from solution containing 0.1 M 
pyrrole and 0. 1M KC1. The resulting film was cycled in the electrolyte solutions; (a) in 
0.1 M NaN03 (b) 0.1 M KN03 and (c) 0.1 M Ca(N03)2. A scan rate of 100 mV/s was 
used.
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A PPyCl film was also grown under the same conditions used to prepare the 
polypyrrole/polystyrene composite. The UV-visible spectrum of this film (Figure 
3.12) showed a peak at 900 nm indicative of conducting polypyrrole.[62,74] 
Furthermore the peaks seen in the spectra of the opal and the composite between 
500 nm and 700 nm were not present, confirming their being attributable to the 
polystyrene.
Figure 3.12: UV-visible spectrum of PPyCl film deposited galvanostatically at 
2 mA cm'2 for 60 seconds onto ITO glass from solution containing 0.1 M pyrrole and 
0.1 M KC1.
Cyclic voltammograms of the PPyCl deposited onto ITO glass were then 
conducted. Voltammograms obtained in 0.1 M NaN0 3 , 0.1 M KNO3 and 
0.1 M C a(N 03)2 supporting electrolyte are shown in Figure 3.13. Each show 
distinct redox peaks due to the polymer particularly compared to the 
corresponding cyclic voltammograms obtained using the composite PPyClpSTY. 
This suggested that there was a greater amount of ions moving into and out of the
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polymer as compared to the com posite material. This w as expected as the amount 
o f  polymer exposed in the case o f  the PPyClpSTY is significantly low er than that 
o f  the PPyCl system.
(a)
(b)
E ( V )
(C)
Figure 3.13: Cyclic voltammograms of PPyCl coated ITO. Polymer deposited 
galvanostatically at 2 mA cm'2 for 60 seconds. Voltammograms were obtained in (a) 0.1 
M NaN03, (b) 0.1 M KN03 and (c) 0.1 M Ca(N03)2 supporting electrolyte. A scan rate 
of 100 mV/s was used.
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3.1.4.4 Characterisation - Inverse Conducting Polymer Opal (iPPyCl)
An SEM  micrograph o f an inverse conducting polym er opal prepared by 
treatment o f  a polypyrrole/synthetic opal com posite with acetone is shown in 
Figure 3 .14. It can clearly be seen that upon the rem oval o f the polystyrene a 
long range ordered m esh-like structure remains. T his is known as an inverse 
opal. A  U V -v isib le  spectrum o f the film  is illustrated in Figure 3.15. This 
spectrum lacks the peaks at 610 nm and 650 nm seen in earlier spectra o f the 
synthetic opal (Figure 3.5) and polypyrrole/opal com posite (Figure 3.10). This 
confirms that treating the com posite with acetone successfu lly  dissolves all o f  the 
polystyrene, w hile  the presence o f a broad peak centred at approximately 
1000 nm (free carrier tail, bipolaron band) is consistent with the presence o f  
conducting polypyrrole. The peak seen at approximately 500 nm is characteristic 
o f conducting polypyrrole and is attributed to the polaron band.
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Figure 3.14: SEM micrograph image of iPPyCl after soaking in acetone overnight 
giving rise to the inverse opal structure.
Figure 3.15: UV-visible spectrum of iPPyCl opal coated ITO glass.
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Cyclic voltammograms of the inverse opal, obtained in 0.1 M NaN0 3 , 0.1 M KNO3 and 
0.1 M Ca(N03)2 are shown in Figure 3.16 and indicated that the polymer is 
electroactive and that it interacts in a similar fashion for the different metal ions. For the 
NaN03 and KNO3 supporting electrolytes there are well defined redox peaks suggesting 
that during polymer oxidation and reduction the sodium and potassium ions move 
relatively quickly into and out of the polymer. In the case of Ca(NC>3)2 however, the 
movement out of the polymer during reduction appears to be relatively slow. These 
results have been summarised in Table 3.1.
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Figure 3.16: Cyclic voltammograms of iPPyCl opal deposited on ITO glass, in a range 
of electrolyte solutions: (a) 0.1 M NaNCb (b) 0.1 M KNO3 and (c) 0.1 M Ca(N03)2. A 
scan rate of 100 mV/s was used.
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Table 3.1: Anodic peak potentials (Epa) and cathodic peak potentials (Epc) obtained for 
PPyCl, PPyClpSTY and iPPyCl coated ITO glass immersed in solutions of different 
supporting electrolytes. (ND = not determined)
Ions
PPyCl PPyClpSTY iPPyCl
Epa (V) Epc (v) Epa (V) Epe (V) Epa (V) Epe (V)
Na+ ND 0.20 -0.10 -0.50 0.05 -0.25
0.50 -0.20 0.20 -0.55 0.10 -0.30
Ca2* ND ND -0.20 -0.45 0.15 -0.30
Based on the above results it can be concluded that removal o f  the polystyrene 
component from the com posite to form the inverse opal does not result in a loss 
o f electroactivity. From Table 3.1 it can be seen that the inverse opal is clearly 
electroactive and show s different responses to the PPyCl film  and the com posite  
film . In particular there are significant shifts in the anodic and cathodic peak 
potentials. This may be attributed to the structural differences between the 
polymer film  and the inverse opal in the polymer. This difference was also 
confirmed by SEM analysis.
3.1.4.5 Rates of Switching
W hen conducting polym ers are reduced and oxidised ions m ove into and out o f  
the polym er resulting in the polymer sw elling and contracting. This behaviour 
should result in changes in the absorption spectrum o f the polymer. Furthermore 
the inverse opal polymer would be expected to show the greatest change in
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absorbance as well as the fastest rate of switching due to its highly ordered, porus 
structure. Switching rate experiments were conducted by measuring the 
absorbance and current continuously, and in the case of UV-visible spectra, 
readings were taken only at 950 nm. This wavelength was chosen, as it is 
approximately the centre of the broad peak typical of conducting polypyrrole 
films.
Figure 3.17 (a) shows the variation in absorbance at 950 nm for PPyCl, 
PPyClpSTY and iPPyCl films that were continually being oxidised and reduced, 
as well as the corresponding chronoamperogram recorded during the 
electrochemical processes (Figure 3.17 (b)). The rate of change was determined 
by measuring the time it took for the film to reach a constant absorbance reading 
ensuring complete oxidation and reduction following potential switching 
between ±0.6 V.
PPyCl
■iPPyCl
'PPyClpSTY
(a)
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Figure 3.17: PPyCl, PPyClpSTY and iPPyCl deposited electrochemically onto ITO 
glass from solutions containing 0.1 M pyrrole and 0.1 M KC1. (a) Variations in 
absorbance at 950 nm during potential switching between ±0.6 V, (b) the corresponding 
chronoamperogram. Pulse width = 60 seconds.
Figure 3.17 (a) shows that the extent of switching for the PPyCl film is in fact 
relatively slow. As the potential was cycled from -0 .6  V to +0.6 V the 
absorbance changed from 0.25 to 0.87, a difference of 0.62. Of more importance 
was the fact that when the polymer was reduced the absorbance did not decrease 
immediately to 0.25. Instead there was an initial rapid decrease in absorbance 
after which the rate of change of absorbance decreased significantly. 
Examination of the effect of repeating the reduction/oxidation cycle showed that 
the absorbance of the polymer in its two oxidation states was constant, indicating 
that the polymer film was stable. This was supported by the lack of change in the
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chronoamperograms (Figure 3 .17  (b)) obtained after su ccessive
oxidation/reduction cycles. The lack o f  change in the current-time profile also 
suggests that the incorporation and expulsion o f  ions during oxidation and 
reduction is reversible. The rates o f  change for each o f the system s are 
summarised in Table 3.2.
Table 3.2: Rate of changes in the absorbance at 950 nm of PPyCl, PPyClpSTY and 
iPPyCl following repeated oxidation and reduction (± 0.6 V).
Polymer
system
Complete 
Oxidation as a 
function of 
time
Complete 
Reduction as a 
function of 
time
Q (ox) (C) Q (red) (C)
PPyCl 16 sec 11 sec 21 -21
PPyClpSTY 16 sec 13 sec 22 -15
iPPyCl 6 sec 16 sec 15 -15
The results for the polypyrrole/synthetic opal system showed that this system had 
a greater degree o f switching than the PPyCl film. Reduction o f the polymer also 
occurred more quickly with this system. It is believed that this response is due to 
the highly ordered structure o f the film . Perhaps during deposition the polymer 
chains are forced into a more ordered arrangement than when deposited freely 
from  solution. This greater ordering may lead to a faster switching rate for this 
material, which also does not appear to degrade with repeated cycling.
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The chronoamperogram recorded during this experim ent illustrated in 
Figure 3.17 (b) for the com posite system , show s a similar response to that seen  
for the PPyCl film  previously. It also suggests that the non-conducting  
polystyrene com ponent o f  the com posite does not affect the film ’s conductivity. 
This suggests that the conduction path between the polystyrene collo ids is 
complete and accessible. This is demonstrated by the fact that currents o f the 
same magnitude were observed w hen either PPyCl or the com posite film  were 
reduced and oxidised using the same potentials. H owever, an important 
difference between these two system s is the time it takes the polymer to becom e 
totally reduced or oxidised (as determined by zero current flow ). This is faster for 
the com posite material, w hich reaches zero current flow  in 16 seconds.
Figure 3.17 (a) illustrates the change in absorbance at 950nm  when the inverse 
polymer opal was reduced and re-oxidised, as w ell as the corresponding 
chronoamperogram (Figure 3 .17  (b)). It appears that this material displays a 
faster rate o f complete oxidation (6 seconds) than either a straight PPyCl film or 
com posite polypyrrole/synthetic opal film. The chronoamperogram for the 
inverse opal suggests that ions are m oving into and out o f the film  at a faster rate 
than for both the PPyCl film  and the com posite film. This is also consistent with 
the above hypothesis that the ordered structure o f the inverse polymer opal aids 
quicker incorporation and expulsion o f ions from the polymer. The charge o f the 
various systems generated during redox cycling confirmed that the highly 
ordered structure o f the inverse opal resulted in a membrane capable o f  oxidising
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and reducing faster than the corresponding PPyCl membrane and the charge 
generated during this process was only slightly lower.
It was also suggested that this rate of movement of ions into and out of the 
polymer during oxidation and reduction may be enhanced by stirring the 
supporting electrolyte solution during the experiment or by increasing the 
electrolyte concentration. Consequently rate switching experiments were 
repeated looking at mechanically stirred (Figure 3.18) and higher electrolyte 
concentration solution (Figure 3.19).
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Figure 3.18: Effect of stirring the 0.1 M NaNCb electrolyte solution on switching rates 
of iPPyCl coated ITO glass.
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Figure 3,19: Effect of a ten-fold increase in concentration of the electrolyte solution, to 
1 M NaN0 3 , on the switching rate of iPPyCl.
These results indicate that a change from 0.1 M N aN 0 3 to 1 M N aN 03 results in 
a ten-fold decrease in current, even when the solutions are stirred. In neither case 
is there an increase in the rate of the polymer reaching zero current. However, it 
appears that this would occur sooner for the former system. The latter would be 
expected to be slow as evidenced for the very broad current peaks.
3.1.4.6 Transport Experiments
Free standing or supported inverse conducting polymer opal membranes could 
not be successfully prepared. Consequently transport experiments using these 
materials could not be conducted. These poor mechanical properties are believed
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to be due to the process o f depositing the polym er between the polystyrene 
collo id  particles, som e sections o f  the film  w ere very thin and therefore fragile. 
This w as not a problem w hile the polystyrene template w as present, how ever its 
dissolution rem oved a stabilising influence on the remaining polypyrrole 
sections.
3.2 Conclusions
Polystyrene synthetic opals have been successfully prepared using the 
evaporation technique. The resulting film s were highly iridescent and shown by 
SEM  to have highly ordered structures that extended over reasonable distances. 
Conducting PPyCl w as electrochem ically incorporated within the void spaces o f  
the polystyrene opal and the opal template subsequently removed to produce a 
highly ordered microporous inverse opal membrane. Each o f the different 
materials produced, including the inverse opal and polypyrrole/synthetic opal 
com posite, w as characterised using a range o f techniques including U V -visible  
spectroscopy, SEM and cyclic voltammetry.
D ue to poor mechanical properties, transport experiments could not be conducted 
using these materials, but other experiments showed that the ordered structure 
w ithin the inverse opal enhanced the rate o f switching o f the conducting polymer 
betw een its oxidised and reduced states compared to a simple film  com posed o f  
the sam e polymer.
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Future work in this area could include looking at a range o f dopants including  
polyelectrolytes in an attempt to make these film s more robust. It may also be 
possible to achieve this by changing experimental conditions used for preparing 
the inverse opal such as longer growth times resulting in thicker film s.
In order to overcome the limitations o f inverse opal polymer membranes a novel 
approach was undertaken to prepare chemically selective and high surface area 
membranes. The greater surface area of these membranes was expected to result in 
greater flux rates and by tailoring the dopant incorporated during polymerisation it was 
hoped that chemical selectivity would also be achieved.
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Chapter 4 Highly Ordered Membrane Structures II - 
Fibrillar Membranes
4.2.1 Introduction
Fibrillar membranes, like inverse opals, are a relatively new  application o f highly 
ordered, nanostructured materials. Fibrillar membranes are made up o f 
conducting polym er fibres massed together into a film . Such materials are 
particularly attractive for certain applications due to their high surface area and 
order. In 1989 som e o f the first conducting polymer fibrillar membranes were 
prepared. t184>185l The membranes possessed high ionic and electric conductivity, 
t186̂  and could be prepared in a number o f ways, including electrochemical 
deposition o f  polypyrrole. [18?1 When the polymerisation solution contained high 
concentrations o f dopant, and synthesis times exceeding two hours were used, 
fibrillar membranes with a worm-like morphology were produced. In order to 
achieve much more regular film s with w ell defined and pre-determined fibre 
diameters, a template synthesis method was used, t188-190! This is similar to that 
outlined previously for the preparation o f highly ordered inverse opals, and 
involves the synthesis o f the desired material within the pores o f a nanoporous 
membrane or other solid host material. Host materials were either polycarbonate 
isoporous membranes (Nucleopore) or y-alumina membranes (Anotec). These 
were prepared by the bombardment o f polymer film s with heavy ions o f high 
energy. The irradiated film  was then etched in a suitable medium, revealing
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tracks w hich then form into pores. The resulting materials were highly regular 
and could easily  be tailored to m eet specific  demands. Mansouri and Tongtam  
have demonstrated improved fibre regularity and density in fibrillar membranes 
prepared from A notec hosts. 1̂91̂  Consequently in this work Anotec membranes 
were used exclusively.
A  w ide range o f methods have been developed to synthesise polymers within the 
pores o f templates such as A notec membranes. These have included electroless 
deposition, electrochem ical methods and in situ chemical polymerisation 
methods. [188'1901 \n novel work conducted by Lashmi et al. [192] sol-gel chemistry 
was com bined with template synthesis to prepare semiconductor nanostructures. 
This involved the hydrolysis o f a precursor m olecule in solution to obtain a 
suspension (sol). This then formed an aggregate (gel), which was thermally 
treated giving the desired material entirely within the pores o f the membrane, 
resulting in the fabrication o f tubules or fibres.
More recently, plasma polymerisation was used as one o f the synthetic steps in 
the preparation o f gold/polymer fibrillar structures. This method resulted in 
system s w hich were smooth, pin-hole free and complete, and which also could be 
tailored in terms o f polymer chemistry and film  thickness^1931 This type o f  
fibrous polymer composite has also been used in the work o f Cvetkovska et 
al} 1941 and Jerome et al}195̂ In other recent work, MacDiarmid et al. successfully  
demonstrated the fabrication o f long nanofibers o f conducting electroactive
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polymers in air by a non-m echanical electrostatic dispersion m ethod.[196] By  
using an electrospinning technique it w as possible to consistently prepare 
nanofibers with diameters o f less than 100 nm.
The most com m on methods for the preparation o f conducting polymer 
nanotubules are chem ical and electrochem ical deposition within the pores o f  a 
host material. In the work presented by Piraux et a l ,[197] the chemical synthesis 
o f polypyrrole w as performed using polycarbonate membranes as a host 
template. U sing this method 15 nm diameter tubules were fabricated. H owever, 
chem ical polymerisation has a range o f inherent restrictions, in terms o f dopant 
choice, on the type o f chemistry which can be performed. However, 
electrochem ical synthesis o f polypyrrole can be performed using a range o f  
counter ions and electrolytes leading to a more extensive series o f film s with 
varying geom etric constructions.^196,197̂  This method was used by Sapp et a l to 
deposit polymer microwires into the pores o f a template membraneJ198,199̂
M ansouri and Burford deposited polypyrrole/pTS electrochemically through an 
A notec template as shown in Figure 4 .1 .[200,201] The rate o f fibre growth in a 
range o f  solvents was investigated as w ell as the effect o f polymerisation time on 
tubule structure.
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Figure 4.1: Preparation of fibrillar polymer membranes using the template method, (a) 
Anotec template (b) polymer/template synthesis (c) fibrillar polymer.
It was found that solvent had no effect on polymer morphology. Instead any 
variations that were observed were attributed to heterogeneities in the host 
structure. Mansouri and Burford concluded that polymer deposition occurred 
initially on the walls o f the pore, which after extended polymerisation times 
formed solid rods. It was proposed that these membranes would have greater 
mechanical stability and fouling resistance than conventional membranes making 
them ideal for various applications.
The high degree of order and surface area of fibrillar membranes makes them 
suitable for a wide range o f possible applications. These include use in areas such 
as microelectronics, chemical sensors and electrochemical energy production.
[202] jn ^ * s work however, it is proposed that the inherent order and greater
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surface area o f  these membranes w ill result in greater m etal ion permeability 
when compared to traditional polymer membranes w ith the sam e com position.
4.2 Experimental
4.2.1 Polymer Growth ofPPypTS
Fibrillar PPypTS membranes were initially prepared using the procedure o f  
Mansouri and Burford.i200,201] An A notec membrane w as platinum sputter coated 
on one side using a D ynavac Magnetron sputter coater SC 100 Ms, and then used 
as the working electrode in a three electrode electrochem ical cell. This was 
placed in a solution containing 0.3 M pyrrole and 0.1 M pT S. A  constant current 
density o f 2 m A  cm'2 w as applied for one hour resulting in polymer deposition. 
Follow ing polymerisation the membrane was washed to rem ove excess monomer 
and dopant, and then soaked in 1 M NaOH for 30 minutes to dissolve the Anotec 
template. Chronopotentiograms were recorded using a PAR 363 
potentiostat/galvanostat and a MacLab data collection system.
Fibrillar PPypTS w as also deposited directly onto a platinum sputter coated 
PVDF filter in order to increase the mechanical strength o f the fibrillar 
membranes follow ing removal o f the template. The polymerisation solution 
again contained 0.3 M pyrrole and 0.1 M pTS. A  polymerisation time o f two 
hours w as used as it w as expected that with this method deposition would occur 
much more slow ly. The same electrochemical cell as outlined in Figure 4.2 was
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used with the exception that the working electrode now  consisted o f the platinum  
coated PV D F filter. The A notec template w as placed directly onto the PVDF and 
the solution then added. The method relied on the premise that the polymer 
would be forced to deposit onto the PV D F w orking electrode through the Anotc  
template, as this w as the only route available. In order to optimise this method a 
filtration step w as included in the procedure. Sm all amounts o f polymerisation 
solution were first introduced into the electrochem ical cell and filtered through 
the membrane under pressure. It was hoped that this w ould result in the Anotec 
template forming a tighter seal against the PV D F filter leading to better deposit 
o f fibrillar polymer.
It was found that it did result in successful deposition o f a fibrillar polymer 
directly onto the PVDF. However, the coating w as patchy and inconsistent. Due 
to the difficulty in obtaining a suitable film, increasing mechanical stability was 
introduced using other methods. These included depositing an additional thin 
film  on the back o f the platinum coating on the A notec template, as w ell as only 
partially dissolving the template. W hile it was found that both methods increased 
mechanical stability to some degree, other membrane properties such as 
electroactivity were compromised.
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Eifflrc 4.2: Electrochemical cell used to prepare fibrillar membranes.
4.2.2 Varying the Dopant
In this work a range of polypyrrole systems were prepared and investigated. All 
were prepared as thin films deposited onto a platinum electrode and as free 
standing fibrillar membrane. All membranes were grown electrochemically using 
a constant current. The dopants used were salmon sperm DNA (DNA) (Figure 
4.3 (a)), ferrocene monosulfonic acid (S.F.) (Figure 4.3 (b)), anthraquinone 
disulfonic acid (AQSA) (Figure 4.3 (c)) and jw a-T oulene sulfonic acid (pTS) 
(Figure 4.3 (d)).
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Figure 4.3: Chemical structure of the various dopants used to prepare fibrillar polymers, 
(a) DNA; (b) S.F.; (c) AQSA and (d)pTS.
Table 4.1 outlines the various conditions used to prepare a range of polypyrrole 
fibrillar membranes. In each case a dopant concentration of 0.02 M was used 
except in the case of DNA for which a 0.02% w/v was used. Pyrrole concentration 
remained constant at 0.2 M.
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Table 4.1: Experimental conditions used to prepare polymers. All solutions contained 
0.2 M pyrrole and 0.02 M dopant with the exception of DNA which was used at 
0 .02%  w/ v.
Polymer Current Density (mA cm'2) Time
PPypTS - Thin film 1.0 2 min
PPypTS - Fibrillar
membrane 0.001 6 hrs
PPyDNA - Thin film 0.2 4 min
PPyDNA - Fibrillar
membrane 0.001 6 hrs
PPyAQSA - Thin film 1.0 2 min
PPyAQSA - Fibrillar
membrane 0.02 4.5 hrs
PPyS.F. - Thin film 1.0 2 min
PPyS.F. - Fibrillar
membrane 0.02 4 hrs
4.2.3 Electrochemical Characterisation
Electrochemical characterisation o f thin films was performed using a PAR 363 
potentiostat/galvanostat with the potential cycled between ±0.8 V  and a three 
electrode electrochemical cell consisting o f a platinum mesh auxiliary electrode, 
A g/A gC l (3 M HC1) reference electrode and a polymer coated working electrode. 
During cyclic voltammetry experiments o f the fibrillar membranes, the 
membrane was first mounted onto a sticky tape substrate for support prior to 
removal o f the template. Experimental data was collected using a MacLab data 
collection system. An aqueous electrolyte solution consisting o f 0.1 M N a N 0 3 
w as prepared for cyclic voltammetry experiments. A ll solutions were 
deoxygenated for five minutes with nitrogen prior to each experiment.
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4.2.4 Scanning Electron Microscopy
Following polym erisation and dissolving o f  the template, the resulting fibrillar 
membranes’ m orphology were characterised by SEM . Scans o f the initial 
PPypTS film s prepared were im aged looking at a cross section o f the membrane. 
In subsequent polymer system s only the top v iew  w as recorded. SEM work was 
performed using a Leica Cambridge 440 SEM  Stereoscan microscope. Samples 
were sputter coated w ith a thin layer o f gold prior to analysis.
4.2.3 Results and Discussion
4.3.1 Fibrillar PPypTS Membranes -  Free Standing and 
Supported
Figure 4.4 illustrates the SEM micrograph o f a fibrillar PPypTS membrane 
prepared using the procedure by Mansouri and BurfordJ200,20̂  The fine, hair-like 
structure typical o f a fibrillar polymer is clearly present. Fibril diameter was 
consistent throughout the sample at 0.2 pm. Similarly the length o f the fibrils 
was also the same throughout the sample with a length o f approximately 9 pm. 
These film s however showed very little mechanical strength and as a 
consequence a platinum coated PVDF support was used onto which these types 
o f membranes could be deposited.
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Figure 4.4: SEM micrograph of a fibrillar PPypTS membrane prepared using the 
conditions of Mansouri and Burford.[200,2011
SEM also confirmed that a fibrillar PPypTS membrane was directly deposited 
onto platinum coated PVDF (Figure 4.5). The micrograph shows that the 
individual polypyrrole fibres deposited directly onto the PVDF do not have the 
same length (2  (am) as those present in the free standing form of the membrane, 
though there is a high degree o f uniformity o f the fibrils.
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Figure 4.5: SEM micrograph of fibrillar PPypTS deposited onto a platinum sputter 
coated PVDF filter using the conditions of Mansouri and BurfordJ200,2011
It would be expected that the length of the fibrils in the latter system would in 
fact be longer than those of the former system. As polymerisation time was 
increased from one hour to two hours, more polymer would be deposited. It can 
be seen that this was not the case and this difference in length of the fibrils in the 
former case and those deposited onto the platinum coated PVDF may thus be 
attributed to the uniformity of deposition. That is, in the former case the polymer 
formed only in the pores of the Anotec template. In the latter case the polymer 
formed as both a film on the PVDF and fibrils perpendicular to the PVDF
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support. Although this method did result in the formation o f  a supported fibrillar 
PPypTS, the resulting membrane w as patchy and inconsistent over the surface o f  
the PVDF.
Consequently, as a result o f  the poor m echanical strength o f the free standing 
fibrillar polymer and the non-uniform  deposition o f this polymer form onto a 
suitable support, transport experim ents could not be conducted. The focus o f  the 
work conducted here then shifted to the effect o f the high surface area on the 
electrochemistry o f these materials.
43,2 Preparation of Thin Film and Fibrillar PPypTS Membranes
Figure 4.6 a illustrates the chronopotentiogram recorded during the growth o f  
PPypTS as a thin film  on the end o f a platinum electrode. A  current density o f  
1 m A  cm'2 was applied for 2 minutes. There is a sharp increase in potential as the 
current is applied which reaches a maximum o f +0.75 V. The potential then 
decreases to reach a final potential o f  +0.65 V. This is a typical response for 
conducting polymers.1621
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Figure 4.6: Chronopotentiogram for (a) thin film and (b) fibrillar PPypTS deposited 
from solution containing 0.02 M pTS and 0.2 M pyrrole. Galvanostatic conditions were 
used to prepare the film with current densities of 1 mA cm'2 and 0.001 mA cm'2 for (a) 
and (b) respectively.
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The chronopotentiogram for the formation o f fibrillar PPypTS (Figure 4 .6 (b)) 
clearly show s a similar response to that seen for the thin film  form o f  this 
polymer. The polym er w as deposited galvanostatically for 6 hours. A s in the 
previous case there is an increase in potential as the current is applied which 
reaches a maximum at +0.6  V  and then decreases to a final potential o f  
approximately +0.2  V. The growth profiles for both the thin film  and fibrillar 
membrane indicate that a conducting polymer was deposited.
4.3.2.1 Scanning Electron Microscopy - PPypTS
Scanning electron micrographs were taken o f the free standing fibrillar 
membrane for each o f the different polymer systems. This technique was used to 
confirm the fibrillar structure o f the membrane. It can clearly be seen from 
Figure 4.7 that this polymer possesses a fibrillar structure similar to that seen 
previously (Figure 4.4) and illustrates the high surface area associated with this 
type o f polymer. However, the difference in the quality o f the fibres was 
attributed to the differences in the monomer and dopant concentrations from 
which the polymer w as deposited, as w ell as the deposition conditions and 
particularly current densities, used to deposit the polymer.
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Figure 4.7: Fibrillar PPypTS deposited galvanostatically at 0.001 mA cm'2 from 
solution containing 0.02 M pTS and 0.2 M pyrrole for 6 hours.
43.2.2 Electrochemical Characterisation - PPypTS
Cyclic voltammograms were obtained using both thin polymer films and fibrillar 
membranes prepared galvanostatically. By investigating the effect o f varying the 
scan rate on both types o f polymer structure, it was hoped that information 
concerning relative rates o f ion movement into and out o f both types o f polymers 
w ould be obtained.
C yclic voltammetry experiments were conducted in a 0.1 M N a N 0 3 solution 
with both film s exhibiting an interaction with the ions in the supporting
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electrolyte. The PPypTS coated electrode showed two sets o f  distinct redox 
peaks particularly at high scan rates (Figure 4.8 (a)). The first set at 0  V  and 
-0 .1  V, with the second set appearing at -0 .2 5  V  and -0 .7  V. This w ould indicate 
that there is a m ovem ent o f both cations and anions into and out o f  the 
polymer This is due to the dopant anion not being trapped within the polym er 
matrix and as a result is able to exchange to some extent with anions from the 
surrounding solution J42̂
Cyclic voltammograms o f the fibrillar PPypTS system (Figure 4.8 (b)) do not 
show the two sets o f redox peaks seen for the thin film. In this case there is only 
one set o f peaks at +0.1 V  and -0 .6  V. A lso noticeably different is the fact that 
the peaks are much broader in this case compared to those seen previously. These 
results would suggest that the fibrillar form o f the polymer is able to trap dopant 
anions much more efficiently than the thin film form. This may be due to the 
ordered, dense structure o f the template as compared to forming freely from 
solution onto a flat electrode surface. The broad redox peaks also suggest that the 
polymer is interacting with a large number o f ions which is supported by the fact 
that this polymer possesses a significantly larger surface area than that o f the thin 
film.
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Figure 4.8: Cyclic voltammograms o f PPypTS film in 0.1 M NaNCb (a) thin film on a 
platinum electrode (b) fibrillar membrane both deposited galvanostatically from 
solution containing 0.2 M pyrrole and 0.02 M p T S .
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4.3.3 Preparation of Thin Film and Fibrillar PPyS.F. Membranes
The chronopotentiogram for the thin film  and fibrillar membrane polymer, 
PPyS.F. are illustrated in Figure 4.9. The growth profile illustrated in Figure 4.9  
(a) for PPyS.F. deposited as a thin film  on the end o f  an electrode show s an 
unusual response. There is a very rapid increase in potential initially until 
approximately +0.45 V  at which point the potential continues to increase slow ly  
until the maximum is reached at +0.65 V. This double peak result suggests there 
is another species present other than the monomer which is reacting. The dopant 
contains a ferrocene group and is believed to be responsible for the initial peak 
seen in the chronopotentiogram after 30 seconds. This oxidation leads to cation­
cation repulsion preventing polymer deposition.
Once all the ferrocene at the electrode surface has been oxidised, it is then 
incorporated into the conducting polymer. The polymer layer then becomes 
thicker and the ferrocene is no longer oxidised instead is directly incorporated 
into the polymer resulting in the typical response seen in the 
chronopotentiogram. Once the maximum potential is reached, there is a slow  
drop to the final potential (+0.55 V).
The chronopotentiogram o f the fibrillar polymer does not show this same 
response as for the thin film  (Figure 4.9 (b)). In this case a very similar response 
to the fibrillar PPypTS system previously is seen (Figure 4.8 (b)). The potential 
reaches a maximum at +0.85 V  with then decreases to a final potential of
127
Chapter 4 Fibrillar Membranes
+0.50 V. The chronoamperograms for both the thin film  and fibrillar membrane 
indicate that a conducting polymer is formed.
(a)
(b)
Figure 4.9: Chronopotentiogram for (a) thin film and (b) fibrillar PPyS.F. deposited 
from solution containing 0.02 M S.F. and 0.2 M pyrrole.
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4.3.3.1 Scanning Electron Microscopy -  PPyS.F.
SE M  micrographs confirmed the fibrillar structure o f this polymer (Figure 4.10). 
It should be noted that the v iew  in this case is directly above the polymer, 
looking into the individual fibrils and not a side on view  as in Figure 4.7. In this 
case however, the individual fibrils do not appear to be as long as those seen for 
the PPypTS system (Figure 4.7) previously. Though the length o f polymerisation 
time was shorter for this system compared to that o f PPypTS, the current density 
for the former system was greater. This would suggest that the fibrillar polymer 
would exhibit similar lengths between the PPypTS and PPyS.F. polymers. The 
fact that this does not occur suggests that the dopant choice has some effect. It 
has been shown previously that the nature o f the dopant anion greatly influences 
a range o f properties o f conducting polymers including morphological, chemical 
and electrochem ical properties'1,203,204̂
Figure 4.10: Fibrillar PPyS.F. deposited galvanostatically at 0.02 mA cm'2 from solution 
containing 0.2 M S.F. and 0.2 M pyrrole for 4 hours.
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4.33.2 Electrochemical Characterisation - PPyS.F.
A s for PPypTS previously (Figure 4 .8) it can be seen that the polymer PPyS.F. is 
electroactive, however, in this case only one set o f redox peaks are seen. In the 
case o f the polymer coated electrode (Figure 4.11 (a)), these peaks occur at 
-0 .1  V  and -0 .2 5  V. For the fibrillar membrane (Figure 4.11 (b)) the oxidation 
and reduction peak potentials are shifted slightly to 0 V  and -0 .5  V. In both cases 
as the scan rate is increased the redox peaks becom e more pronounced.
Comparison o f the cyclic voltammograms in Figure 4.11 for the PPyS.F. systems 
clearly show that significantly greater currents were observed with the PPyS.F. 
fibrillar membranes than with thin PPyS.F. films. This is expected as the surface 
area exposed to the electrolyte solution is greater for the fibrillar membrane 
compared to the thin film  o f the same composition. Thus the amount o f ions 
interacting with the polymer is greater for fibrillar PPyS.F. and is evidenced by 
broader redox peaks o f the two systems.
130
C h ap te r 4 F ib rilla r M em branes
(a)
(b)
Figure 4.11: Cyclic voltammograms of PPyS.F. film in 0.1 M NaNCb (a) Thin films on 
a platinum electrode (b) Fibrillar membrane. Scan rates used were 1. 500 mV/s; 2. 200 
mV/s; 3. 50 mV/s; 4. 5 mV/s.
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4.3.4 Preparation of Thin Film and Fibrillar PPyAQSA 
membranes
Figure 4 .12  illustrates the chronopotentiogram recorded during a growth o f  
PPyAQ SA as a thin film  on the end o f  a platinum electrode and fibrillar form. It 
can be seen in Figure 4.12 (a) there is a sharp increase in potential as the current 
is applied as seen previously for PPypTS. The potential reached a maximum  
value o f approximately +0.65V , lower then seen for PPypTS (+0.75 V ) and may 
be attributed to the size o f the dopant anion. That is, as the A Q SA  dopant is 
larger than pT S, incorporation o f the dopant during polymerisation is slowerJ62] 
The potential then decreased slightly and stabilised at a final potential o f  
+0.60 V. An almost identical chronopotentiogram was obtained when fibrillar 
PPyAQ SA (Figure 4.12 (b)) was prepared. In this case however, an initial 
potential o f +0.85 V  was reached with a final potential o f +0.80 V. Both 
chronoamperograms indicate successful deposition o f the conducting polymer 
and show  a similar response to that o f PPypTS previously.
132
C hapter 4 F ib rilla r  M e m b ran e s
20 40 60 80 100 120
Time (sec)
(a)
(b)
Figure 4.12: Chronopotentiograms for PPyAQSA deposited from solution containing 
0.02 M AQSA and 0.2 M pyrrole (a) thin film on a platinum electrode (b) fibrillar 
membrane.
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4.3.4.1 Scanning Electron Microscopy - PPyAQSA
Scanning electron micrographs clearly show the fibrillar structure of the 
PPyAQSA membrane (Figure 4.13). The individual fibrils appear to be of a 
slightly greater length as those seen previously for PPypTS (Figure 4.7) as they
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have collapsed in on themselves and thus do not appear as hollow tubes. This 
lack of rigidity in the polymer may be attributed to the choice of dopant. For 
example in the case of PPypTS the dopant is smaller compared to AQSA and in 
able to relatively easily diffuse into the template and dope the forming polymer. 
The AQSA molecule on the other hand being of a greater size and lower 
mobility, is slower in entering the pores of the template to dope the forming 
polymer. As a result the PPyAQSA fibrillar membrane is less dense than the 
PPypTS fibrillar membrane and the individual fibrils collapse once the template 
is removed.
Figure 4.13: Fibrillar PPyAQSA deposited galvanostatically at 0.02 mA cm'2 from 
solution containing 0.2 M AQSA and 0.2 M pyrrole for 4.5 hours.
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43.4.2 Electrochemical Characterisation - PPyAQSA 
Cyclic voltammograms o f  both the PPyA Q SA  thin film  and the fibrillar 
membrane were obtained and appear below  (Figure 4.14). The thin film  polymer 
clearly shows electroactivity with an oxidation and reduction peaks at +0.15 V  
and -0 .2 5  V , respectively. A s has been seen in the previous cases for PPypTS 
and PPyS.F. these becom e more pronounced with increased scan rates.
In the case o f the fibrillar PPyAQ SA membrane (Figure 4 .14 (b)), these redox 
peaks are no longer seen, and the peaks were much broader. It would be expected  
that the fibrillar polymer w ould show greater currents as a greater surface area is 
exposed to the electrolyte. However, the currents observed were less than 50% of  
that seen for the thin film  form. This difference may be attributed to the fragile 
nature o f the fibrillar membrane. A  thin film  deposited freely from solution is 
able to dope the forming polymer easily compared to when a template is used, as 
in this case to form a fibrillar polymer. Consequently the density o f the polymer 
is greater in the case o f the thin film compared to the fibrillar membrane and as a 
consequence dining electrochemical experiments a greater current would be 
observed using thin film membranes.
The thin film  and fibrillar forms of the PPyAQSA polymer both show a 
significantly lower current when compared to PPypTS (Figure 4.8). For the thin 
film the currents produced were half that seen for PPypTS and only a quarter for 
the fibrillar form. This is again attributed to the lower density o f dopant in the
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PPyAQSA system  compared to PPypTS as the A Q SA  dopant is greater in size  
and comparatively less m obile than the pTS m olecule.
-1 -0.5 0 0.5
E(V)
(a)
(b)
Figure 4.14: Cyclic voltammograms of PPyAQSA film in 0.1 M NaNCb. (a) thin films 
on a platinum electrode and (b) fibrillar membrane. Scan rates used were 1. 500 mV/s; 
2. 200 mV/s; 3. 50 mV/s; 4. 5 mV/s.
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4.3.5 Preparation of Thin Film and Fibrillar PPyDNA 
Membranes
The chronopotentiograms recorded during the formation of PPyDNA as thin 
films on the end of an electrode and as fibrillar membranes appear below (Figure 
4.15). Similar potentials were generated for both systems and were greater then 
those obtained for PPypTS previously (Figure 4.6). In the case of the PPyDNA 
thin film a potential maximum of +0.90 V was reached, but this decreased to a 
final potential of +0.75 V after 2 minutes. The fibrillar membranes maximum 
potential reached +0.95 V and a final potential of +0.60 V was obtained. The 
greater potentials seen in this system compared to PPypTS are due to the size of 
this polyelectrolyte dopantt62’741
(a)
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(b)
Figure 4.15: Chronopotentiogram for fibrillar PPyDNA deposited from solution 
containing 0.2% w/v DNA and 0.2 M pyrrole.
43.5.1 Scanning Electron Microscopy - PPyDNA
SEM analysis of the fibrillar PPyDNA membrane shows fibrillar morphology 
(Figure 4.16). Though the same charge was applied in depositing the polymer as 
for PPypTS previously, the PPyDNA system resulted in significantly smaller and 
more compact fibrils. This has been attributed to the structure of the dopant as for 
PPyAQSA above. DNA is composed of long chains which during deposition 
may aid ordering of the polymer resulting in denser struc tu res.^  Assuming this 
ordered, dense deposition, it would be expected that the fibrillar form of the 
polymer would show short, solid fibrils compared to PPypTS when deposited 
under the same conditions. This was found to be the case.
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Figure 4.16: Fibrillar PPyDNA deposited galvanostatically at 0.001 mA cm-2 from 
solution containing 0.2% w/v DNA and 0.2 M pyrrole for 6 hours.
43.5.2 Electrochemical Characterisation - PPyDNA 
Cyclic voltammetry experiments clearly show that both the PPyDNA thin film 
(Figure 4.17 (a)) and fibrillar membranes (Figure 4.17 (b)) are electroactive. In 
the case of the thin film deposited onto a platinum electrode showed oxidation 
and reduction peaks at 0 V and -0.40 V, respectively. As has been seen with the 
previous systems this becomes more pronounced as the scan rate is increased. It 
was expected that as this dopant is very large and acts as a polyelectrolyte, the 
currents produced would be lower then those seen for PPypTS previously (Figure 
4.8) and as this molecule possesses a greater number of charges than AQSA the 
currents produced are expected to be lower still compared to PPyAQSA (Figure
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4.14). In the case o f  the thin film , this does appear to occur. This result supports 
the previous hypothesis that the doping level o f  a polymer doped with a 
polyelectrolyte is lower than for a simple anion such as pTS and consequently the 
currents produced by the former system  is lower.
Fibrillar PPyD N A  shows lower currents generated upon cycling the potential 
compared to PPypTS. W hen compared to fibrillar PPyAQSA, the currents 
generated by the fibrillar PPyD N A  system  are significantly greater. This may be 
due to the density o f packing in the PPyD N A  system . That is, as the D N A  dopant 
is very large and inherently ordered compared to the other dopants, as the 
polymer is being formed the chains form into ordered dense structures which is 
further enhanced by the template pores. Consequently it would be expected that 
the currents would be higher for the PPyD N A  fibrillar membrane compared to 
the PPyA Q SA  fibrillar membrane (Figure 4.14 (b)), but lower than for PPypTS 
fibrillar membranes (Figure 4.8 (b)).
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Figure 4.17: Cyclic voltammograms of PPyDNA in 0.1 M NaNC>3 (a) Thin film on a 
platinum electrode (b) Fibrillar membrane. Scan rates used were; 1. 500 mV/s; 
2. 200 mV/s; 3. 50 mV/s; 4. 5 mV/s.
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4.4 Transport Experiments
Due to poor mechanical properties o f  the free standing fibrillar membranes and 
the patchy deposition o f the fibrillar polym er onto a Pt/PVDF support, transport 
experiments could not be conducted.
4.5 Conclusions
PPypTS, PPyS.F., PPyAQ SA and PPyD N A  were successfully prepared as 
fibriHar membranes using a template method as evidenced by SEM . The 
resulting polymers retained their electroactivity. It was also found that the dopant 
choice has an effect on the length and rigidity o f the fibrils being formed with 
electrochemical experiments indicating that the fibrillar form o f the polymer 
increases the amount o f ion movement into and out o f the polymer during 
oxidation and reduction. These results have also shown that in the preparation o f  
fibrillar polymer membranes using this template method, optimum conditions are 
long growth times using a polyelectrolyte dopant.
Although the metal ion permeability o f the inverse opal polymer and fibrillar 
polymer systems could not be tested in metal ion transport experiments, their 
greater surface area and more ordered structure compared to free standing films 
o f the same geometric size suggest that they may demonstrate interesting 
properties applicable to other areas o f study particularly in cases where a high 
surface area is needed.
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The major limitations o f both these types o f membranes w as their mechanical 
stability. Once the template is rem oved the resulting membranes were very 
fragile and difficult to handle. In order to overcom e the problem, another 
approach was taken to prepare high surface area conducting polymers by 
depositing the polymer onto a high surface area substrate such as fabrics. It was 
hoped that this approach w ill retain the advantages o f high surface area polymers 
while presenting an easy method o f preparation and processing. Such 
polymer/fabric com posite materials could be used in a w ide range o f areas where 
high flexibility, easy processing and strength are needed. One example o f the 
potential applications o f these materials is in the removal o f gold from solution 
without the need for the addition o f cyanide.
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Chapter 5 -  Conducting Polymer Coated Fabric for 
the Removal of Gold from Solution.
5.0 Introduction
The removal o f gold from primary and secondary sources without cyanide has 
become an important questJ205̂  Many new methods and materials have been 
proposed to accom plish this task including electroless plating,1[206̂ biomaterials 
i207] and polym eric absorbents.[208,209J Som e novel materials used for the removal 
of gold from solution has included conducting polymers coated onto high surface 
area substrates such as reticulated vitreous carbon (RVC). More recently fabric 
substrates have also been used. These materials possess similar properties to 
previous substrates such as high surface area and ease o f processing, however, 
they have significant advantages in that they are also highly flexible and provide 
greater mechanical strength.
5.1 Natural Fibres
Natural fibres are those derived from natural sources. They include cotton which 
is obtained from cotton plants, silk obtained from the silk worm and linen 
derived from the flax plant. Other sources include animal hair and fur, for 
exam ple w ool. O f these types o f materials, cotton is the most extensively used in
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the world.*-210-* All natural fibres are produced in a range o f qualities. This is due 
to variations in a range o f factors including growth conditions, climate and 
cultivation methods. The quality o f any given fibre sample is dictated by its 
chemical properties including stability and composition. This in turn influences 
the adaptability o f the fibre to processing as well as end product versatility.[2I0i
5.1.1 Cotton and Linen
Cotton is the most versatile and widely used textile fibre. In its raw form cotton 
is a fluffy white mass o f fibres held within the flower seed capsules o f the cotton 
plant. Generally these fibres demonstrate good moisture absorbency and 
relatively good electrical conductivity as compared to other natural fibres. Cotton 
fibres are characterised by the presence o f natural twists along their length, 
resembling twisted ribbon.^211,2121 These fibres are approximately 15 to 24 jum in 
width and can be up to 60 mm long.*-213̂ Individual fibres are composed o f five 
sections (Figure 5.1). These are the cuticle, primary and secondary walls, lumen 
wall and the lumen itself. It is the lumen which gives cotton its great strength and 
durability.
Cuticle 
Primary Wall
Secondary Wall 
Lumen
Figure 5.1: The structure of cotton fibres.
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Cotton is a linear cellulose polymer, made up of repeating glucose units joined 
together by |3-l,4-glycosidic bonds (Figure 5.2). The important chemical groups 
present are the primary and secondary hydroxyl groups in each monomer 
unit.[214,215] These groups are able to form hydrogen bonds with suitable 
functional groups on other compounds [2161 and are particularly important for the 
dyability and coating of this fabric.
Linen has the same chemical composition as cotton (Figure 5.2) but the glucose 
monomers are polymerised to a much greater extent. This makes linen generally 
stronger than cottonJ211,2121 Linen is derived from the stalk of the Linum 
usitatissimum or flax plant,12171 and consists of individual fibres up to 100 cm 
long consisting of bundles of cells.
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OH CH2OH
Figure 5.2: Chemical structure of cotton and linen.
5.1.2 Silk
Silk has maintained a position of prestige and is considered a highly luxurious 
item. It is produced by the larvae of the Bombyx mori moth during the formation
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of its cocoon. The liquid fibre is expelled from two spinnerettes in the mouth of 
the silk worm and hardens when it comes into contact with air, forming silk 
fibres.[217] The silk is recovered by placing the cocoons into hot water and 
brushing them lightly to unravel the filament. These are then spun into yarns with 
an average length of up to 300 m, and with no identifiable microstructure.
Chemically silk is a linear fibroin protein polymerJ212,217,218̂ It is made up of 16 
amino acids with alanine, glycine and serine being the most common (Figure 
5.3). There are no sulfur containing amino acids and therefore no disulfide bonds 
in silk, in contrast to the situation for wool. The important functional groups 
present in silk are the carboxyl and amine groups, which are able to form bonds 
with various other chemicals. For example, silk has been found to absorb metal 
salts such as aluminium from solution, most likely as a result of interactions 
involving these functional groups.[217]
R R' R"
------ NH----- CH----- CO----- NH-----CH----- CO----- NH-----CH----- CO-------
. n
Figure 5.3: Chemical structure of silk, where R, R’ and R” are amino acid side chains. 
In silk these are predominantly alanine, glycine and serine.
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5.2 Conducting Polymer Coated Fibres
There has been recent interest in the developm ent o f  conducting polym er coated  
fibres.[219,220] M illiken research corporation[221] have show n that the use o f  textiles 
as substrates for thin polymer coatings show s great promise as alternatives to 
traditional conductive textiles. For exam ple, conducting textile com posites based 
on polypyrrole have been prepared with surface resistivities between that o f  
metallised fabrics and carbon based blends.I221»222! These workers have developed  
a range o f methods for preparing these com posite materials. The most com m only  
used technique is the in situ polymerisation method.l223'225! Here the fabric 
sample is soaked in a pyrrole solution for a given length o f time before an 
oxidant is added and the fabric again allowed to soak. During polymerisation o f  
pyrrole radical cations couple to form oligom ers, w hich absorb onto the fabric, 
allowing polymerisation to occur on the surface o f the fibre. This method has 
been successfully used to coat a range o f substrates including synthetic fibres, 
polyethylene and cellophane.[226'240J
SEM im ages have shown that polymer deposition onto fabrics occurs initially as 
isolated islands, which eventually join to form a continuous film with a good 
degree o f adhesion o f the polymer to the fabric .I241,242! It has also been shown that 
the nature o f the dopant can greatly effect polymer morphology and 
conductivity.f243] For example, the use o f some aromatic sulfonic acids such as 
anthraquinone-2-sulfonic acid and 2-naphthalenesulfonic acid results in
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polypyrrole coated textiles with high electrical conductivities and environm ental 
stability, t244»245!
The mechanical properties o f conducting polym er coated fabric com posite  
materials remain essentially those o f  the underlying substrate^2211 H owever, the 
presence o f the polymer coating gives rise to other properties which allow  these 
materials to be used in a range o f applications.f2461 These include radar-absorbing 
structures^247'2491 static dissipation^2501 low  frequency electromagnetic 
interference sh ie ld in g [243] and resistive heaters.^251,2521
Recently an electrochemical polymerisation method was used to coat natural 
fibres such as cotton, silk and w ool with conducting polymers.[2531 It was found 
that the electrical conductivity o f these fibres increased with polymerisation time, 
and that conductivity was dependent on the nature o f the underlying fabric.
D e R ossi and co-workers i2541 have developed polymer coated fabrics which  
show  novel strain and temperature sensing properties. This has allowed the 
realisation and development o f truly wearable “intelligent” clothing that produces 
no discomfort for the wearer. Similarly, the incorporation o f fibre actuators into 
these fabrics is being investigated and is expected to lead to controllable high 
tensile stress generation in wearable exoskeletons.f2551 For example, sensors 
em bedded into clothing such as space suits for astronauts, may be used to 
monitor the physiological functions o f the wearer without restricting their motion
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in any way. Conducting polymer coated fabrics have also shown to be attractive 
candidates for biomedical applications.12561 H ow ever, to date the chem ical/redox  
properties o f conducting polymer coated fabrics have not been extensively  
exploited.
5.3 Removal of Gold Using Conducting Polymers
Neoh et al. [5?1 showed that polypyrrole coated onto low  density polyethylene 
film s recovered elemental gold from acidic solutions containing [AuGU]’. The 
gold was deposited on the polymer surface resulting in polymer degradation. 
Similarly work conducted by Kang et «/J58,59,2571 showed that the addition o f  
conducting polymers to acidic solutions containing [ A u C y  resulted in very 
rapid and near quantitative removal o f the gold as a metallic deposit on the 
surface o f the conducting polymer. It was found that in an acidic solutions 
containing [AuCLJ", the imine nitrogens o f polypyrrole are readily protonated. In 
the presence o f gold(III) ions this protonated polypyrrole undergoes a redox 
reaction forming a more intrinsically oxidised polymer and gold metal. This 
redox mechanism can be sustained provided it occurs in an acidic medium and 
there remains sufficient surface contact between the polymer and the solution as 
the gold deposits on the polymer surface.^601
A  drawback o f the above systems for the removal o f gold lies in the relatively 
sm all total surface area o f conducting polymer exposed to the gold solution. One
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method recently examined in an attempt to m axim ise the surface area o f  the 
conducting polymer in contact with gold solutions, w as to deposit the polym er 
onto a high surface area substrate such as reticulated vitreous carbon 
(RVC).[258,2591 These studies show ed that the resulting conducting polym er 
composites displayed significantly greater gold recoveries compared to 
traditional conducting polym er membranes or conducting polym er powders. 
Although these com posite materials proved very promising for the removal o f  
gold from acidic solutions, a much more flexible and durable substrate onto 
which the polymer can be deposited was desired. Such a substrate would greatly 
increase the range o f potential applications to which this technology could be 
applied. Consequently, the developm ent o f polymer coated fabric substrates for 
the removal o f gold has been investigated. These com posites have the advantage 
o f being inexpensive, possessing a high surface area and being highly flexible  
and highly durable. It has already been shown that a range o f fabrics can be 
coated with a conducting polymer successfully.t260i However, no work has 
focused on the use o f these types o f composites for the removal o f gold from 
acidic solutions containing [AuCU]’.
5.4 Aims
Traditional methods o f gold removal from processing plant waste water have 
relied primarily on the use o f  cyanide as an extractant, a practice that has raised 
serious environmental concerns. Consequently a highly efficient and
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environmentally friendly method o f gold rem oval is being sought. The work 
presented here has focused on the use o f polypyrrole coated natural fibres for the 
removal o f gold from solutions containing [AuCU]'. Fabrics were chosen as the 
substrate because they offer greater m echanical strength and processability over 
some previously used substrates such as reticulated vitreous carbon (RVC). A  
range o f natural fibres were chosen including protein fibres (silk) and cellulose  
fibres (cotton and linen). It has previously been shown that these fabrics can be 
successfully coated with polypyrrole using the in situ polymerisation 
method.^231,2521 It w as hoped that the chemical com position o f these fabrics would  
also aid gold removal.
5.5 Experimental
5.5.1 Preparation of Polypyrrole Fabric Composites
The chem ical polymerisation method was used to coat the fabrics used. The 
polymerisation solution contained 0.015 M pyrrole monomer, 0.005 M N D SA  
(1,5-napthalene disulfonic acid) dopant and 0.04 M FeCl3 oxidant. Fabrics were 
initially soaked in the monomer/dopant solution for 20 minutes at room 
temperature after which the oxidant was added and the reaction allowed to 
proceed for 2 hours. After 1 hour o f polymerisation the fabrics were turned over 
in order to ensure an even coating o f the fabric. Follow ing this the fabrics were 
rem oved and washed thoroughly with M illi-Q water and allowed to dry at room 
temperature overnight.
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5 .5 .2  Gold Uptake Experiments
Two types o f gold uptake experiments were conducted. Initial experim ents were  
performed using solutions containing 0.01 M [A uC14]' and 0.1 M HC1. Fabric 
samples measuring 1 cm 2 were soaked in 20 m L o f  the gold solution for 1 day, 5 
days and 7 days. A  1 mL sample w as taken after each period and analysed using  
atomic absorption spectroscopy (A A S), in order to determine the ability o f  the 
fabrics to rem ove gold from solution. In a second experiment the rate o f gold  
uptake was investigated. A  range o f solutions o f varying gold concentration 
including 10 ppm, 1 ppm and 0.1 ppm were prepared and the various fabric 
samples were allowed to stand in 20 mL o f these solutions for up to 24 hours. 
Fabric samples were removed after 1 minute, 30 minutes, 60 minutes, 3 hours 
and 24 hours and the amount o f gold remaining in solution determined by A A S.
5 .5 .2  Scanning Electron Microscopy (SEM)
SEM  micrographs were obtained using a Cambridge 440 SEM Jeol 2000  
m icroscope. The samples were sputter coated with a thin layer o f gold prior to 
investigation with the microscope.
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5.6 Results and Discussion
Following polymerisation the fabrics all becam e black in colour due to the 
presence o f the polypyrrole coating. The degree o f polymer adhesion onto the 
fabrics was good in all cases, and no polym er was removed after rinsing the 
fabrics in M illi-Q water. The polym er loading for the different fabrics was 
determined by measuring the increase in mass o f the fabrics, and the results are 
presented in Table 5.1.
Table 5.1: Polymer loadings for PPyNDSA coated fabrics.
Coated Fabric g Polymer/cm2
Raw Silk 0.032
Processed Silk 0.024
Linen 0.013
Cotton 0.012
5.6.1 SEM Characterisation
Each o f  the polymer coated fabrics were characterised by scanning electron 
m icroscopy (Figure 5.4). The resulting micrographs showed that the PPyNDSA  
coating was uniform over the entire fabric surface and that film coverage was 
com plete over the sample.
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Figure 5.4: SEM micrographs of (i) uncoated and (ii) PPyNDSA coated fabrics: (a) Raw 
silk (b) Processed Silk (c) Linen and (d) Cotton.
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5.6.2 Gold Removal by Uncoated Fabrics
The removal of gold by uncoated fabrics was examined as a function of time 
(Figure 5.5). For the uncoated fabrics it can be seen that there was a significant 
amount of gold removed after each sampling period. Raw silk showed the 
greatest ability to remove gold, with 15% of the gold present in 20 mL solution 
containing 0.01 M [AuCLJ* removed after just one day. After seven days this had 
increased to about 25%. For each of the four systems examined there was a small 
difference in the amount of gold removed after one and five days.
■  1 day
■ 5 days
■  7 days
Raw Silk Processed linen Cotton 
Silk
Uncoated Fabric
Figure 5.5: Removal of gold by uncoated fabrics exposed to solutions containing 20 mL 
of 0.01 M [AuCL]’ and 0.1 M HC1 for different periods of time.
Processed silk was expected to demonstrate similar gold removal properties to 
raw silk, as both fabrics are made from the same basic fibre. The results for 
processed silk showed that it had the second highest ability to recover gold. After
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24 hours exposure the amount o f gold rem oved w as 11.2% , w hich increased to 
18.9% after seven days. Perhaps surprisingly the rate o f  gold  uptake betw een five  
and seven days did not show the same acceleration as w hen raw silk w as used. 
This may be due to differences in the fabric w eave. Processed silk has a tighter, 
more ordered and neater fabric w eave. This may have hindered the m ovem ent o f  
solution into the fabric leaving only the exposed surface to react with the gold. It 
may also be accounted for by the introduction o f other chem icals such as organic 
acids into silk during its processing.
The amount o f gold removed by linen was significantly lower than by raw silk. 
In this case the maximum gold removed observed was 15.3% after seven days 
exposure. This is equal to the amount o f gold removed by raw silk after just 24  
hours o f exposure. The cotton sample also showed a comparatively slow  rate o f  
gold removal, as w ell as the lowest gold capacity o f the fabrics examined. 
Overall cotton and linen showed a similar ability to recover gold. This is perhaps 
not surprising as both fabrics have virtually identical chem ical compositions, and 
it might be expected that similar chemistry would occur on both surfaces. For 
cotton the maximum amount o f gold removed was 12% after seven days. The 
gold capacities in mg gold per cm2 of uncoated fabric was determined after seven  
days and shown in Table 5.2.
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Table 5.2: Gold capacities of uncoated fabrics determined after exposure to solutions 
containing 0.01 M [AuC14]' and 0.1 M HC1 for seven days.
Uncoated Fabric mg Au/cm 2 Uncoated Fabric
Raw Silk 4.9
Processed Silk 3.9
Linen 3.1
Cotton 2.5
5.6.3 Gold Removal by Polymer Coated Fabrics
The amounts o f gold removed by different polymer coated fabrics after one to 
seven days exposure to a solution containing 0.01 M [AuCl4]' and 0.1 M HC1 are 
shown in Figure 5.6. For each polymer coated fabric there was little difference in 
the amounts o f gold removed after one, five or seven days. Very significantly, 
the amount o f gold removed by the different polymer coated fabrics after one day 
was in each case about twice as great as for the corresponding bare fabric after 
the same period o f time. However, for three o f the four polymer coated fabrics 
there w as also a significant increase in the amount o f gold removed between five  
and seven days. This was a surprising observation, which may be a consequence 
o f the amount o f time required (>5 days) for the gold solution to com pletely soak 
through the fabric.
The ability o f the different polymer coated fabrics to recover gold followed the 
sequence: PPyNDSA/Raw silk > PPyNDSA/Linen «  PPyNDSA/Processed Silk > 
PPyNDSA/Cotton.
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PPy/NDSA Coated Fabric
Figure 5.6: Removal of gold by PPyNDSA coated fabrics exposed to 20 mL solution 
containing 0.01 M [AuCU]' and 0.1 M HC1 for different periods of time.
The continual increase in gold removed seen for the bare cotton sample was 
retained by the corresponding polymer coated system. In addition the overall 
gold removal was significantly higher than that obtained using uncoated cotton. 
The rate of removal between days five and seven showed a significant 
acceleration compared to that seen between days one to five. As proposed for the 
bare cotton sample previously, this might indicate that it takes up to five days for 
the gold solution to soak through the polymer coating and reach the underlying 
bare fabric, which was shown earlier to be able to recover significant amounts of 
gold. Consequently this suggests that there may be two different mechanisms 
occurring. Initially within 24 hours exposure to the gold solution a plating 
mechanism may be occurring and at lengths longer than this an adsorption 
mechanism occurs. The gold capacities of the different polymer coated fabrics
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are shown in Table 5.3. These results indicate that polymer coated raw silk had 
the greatest gold capacity. This was followed by the processed silk, then linen 
and cotton with the same capacities. It should be noted that the above gold 
capacities, which were obtained after exposure to gold solutions for seven days, 
are probably not the true gold capacities of these fabrics. In order to determine 
their true gold capacities, longer term experiments would be needed.
Table 5.3: Gold capacities of PPyNDSA coated fabrics determined after exposure to 
solutions containing 0.01 M [AuCU]' and 0.01 M HC1 for seven days.
Coated Fabric mg Au/g Polymer/cm2 fabric
Raw Silk 6.4
Processed Silk 4.6
Linen 4.5
Cotton 4.5
5.6.4 Gold Removal From Solutions Containing 10 ppm [AuCU]'.
Results obtained in a study of the rate of removal of gold from solutions 
containing 0.01 M [AuCU]' and 0.1 M HC1 by uncoated and PPyNDSA coated 
raw silk are shown in Figure 5.7. It can easily be seen that the polymer coating 
greatly increases the amount of gold removed, particularly at short exposure 
times. For example, after only one minute exposure the amount of gold removed 
by the coated fabric was 55%, which was almost triple that for the uncoated 
sample. Subsequent sampling showed that this difference remained 
approximately constant up to three hours. During this period of time there was a
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significant increase in the amount of gold removed by the polymer coated fabric
to 90%, while the amount of gold removed by uncoated raw silk was still only 
28%.
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Figure 5.7: Removal of gold from solutions containing 20 mL 10 ppm [AuC14]' and 
0.1 M HC1 by uncoated and PPyNDSA coated raw silk.
After 24 hours the amount of gold removed by PPyNDSA coated raw silk 
remained relatively unchanged, whereas the uncoated sample had shown a 
substantial increase in gold removed. This result strongly suggests that the 
polymer coating enhances the rate of removal of gold at short exposure times 
(three hours and less), however, beyond this there is a smaller advantage. The 
fact that gold uptake by uncoated raw silk continued for greater than three hours 
suggests that it takes a relatively long period of time for the solution to soak 
through to previously unexposed inner fibres.
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Figure 5.8 illustrates the effect of time on the amount of gold removed from 
solutions containing 10 ppm [AuCLJ’ by uncoated and PPyNDSA coated linen. 
After only one minute soaking the polymer coated linen had removed 60% of the 
gold present, whereas for the uncoated sample there was no detectable gold 
removed from solution. After 60 minutes exposure the polymer coated fabric had 
removed 100% of the gold from solution, making this a very efficient system 
under these conditions. The uncoated linen, by comparison, was a highly 
inefficient system, as after 24 hours exposure only 24% of the gold initially 
present has been removed.
Time
Figure 5.8: Removal of gold from solutions containing 20 mL 10 ppm [AuCLJ" and 
0.1 M HC1 by uncoated and PPyNDSA coated Linen.
Of all the samples investigated PPyNDSA coated and uncoated processed silk 
showed the least ability to remove gold from a solution containing 10 ppm 
[AuC14]' (Figure 5.9). On each occasion the amount of gold removed was
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determined, the removal was significantly greater for the polymer coated fabric, 
indicating that the presence of the polymer does aid gold removal from solution. 
However, the amount of gold removed by PPyNDSA coated processed silk after 
60 minutes was only 30%. This was considerably less than values of 80%, 100% 
and 98%, obtained for PPyNDSA coated raw silk, linen and cotton, respectively 
after 60 minutes. Despite this PPyNDSA coated processed silk demonstrated 
essentially complete gold removal after 24 hours, whereas after this period of 
time the amount of gold removed by uncoated processed silk had reached only 
34%. This indicates that the presence of the polymer coating has a dramatic 
influence on gold removal, as seen earlier for PPyNDSA coated linen.
Imin 30min 60min 3hrs 24hrs 
Time
H Coated 
■  Uncoated
Figure 5.9: Removal of gold from solutions containing 20 mL 10 ppm [AuC14]* and 
0.1 M HC1 by uncoated and PPyNDSA coated processed silk.
The presence of a PPyNDSA coating also had a dramatic effect on the ability of 
cotton to remove gold from a solution containing 0.01 M [AuC14]' and 0.1 M HC1
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(Figure 5.10). The coated fabric removed over 50% of the gold initially present 
after only one minute exposure, and after 30 minutes there was almost complete 
removal of gold. By contrast the uncoated fabric had removal rate of only 5% of 
the gold initially present after 30 minutes. Even following 24 hours exposure 
there had been less than 20% gold removed by the uncoated fabric.
S Coated 
■  Uncoated
Figure 5.10: Removal of gold from solutions containing 20 mL 10 ppm [AuCU]' and 
0.1 M HC1 by uncoated and PPyNDSA coated cotton.
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5.6.5 Gold Removal from Solutions Containing 1 ppm [AuCl4] ’
The rate of removal of gold from solutions containing 1 ppm [AuCl4]' and 0.1 M 
HC1 by both uncoated and PPyNDSA coated fabrics was illustrated in Figures 
5 .1 1 -5 .1 4 . With the exception of PPyNDSA coated cotton, each of the polymer 
coated fabrics completely removed all the gold after only one minute, while for 
the uncoated fabrics the level of removal remained at approximately 80% 
throughout. Despite this each of the four polymer coated systems demonstrated
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superior kinetics with respect to gold removal than the corresponding, uncoated 
systems. However, in none of the systems studied did coating the fabric with the 
polymer result in significant increases in the rate of gold removal. This contrasts 
dramatically with what was seen when cotton, linen, and to a lesser extent raw 
silk, were used to remove gold from solutions containing 10 ppm [AuCl4] \
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Figure 5.11: Removal of gold from solutions containing 20 mL 1 ppm [AuC14]' and 
0.1 M HC1 by uncoated and PPyNDSA coated raw silk.
Imin 30min 60min 3hrs 24hrs 
Time
100
g 80 >0
g 60
1  40 
O
£ 20 
0
Imin 30min 60min 3hrs 24hrs 
Time
M Coated 
■ Uncoated
Figure 5.12: Removal of gold from solutions containing 20 mL 1 ppm [AuC14]' and 
0.1 M HC1 by uncoated and PPyNDSA coated processed silk.
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Figure 5.13: Removal of gold from solutions containing 20 mL 1 ppm [AuC14]‘ and 
0.1 M HC1 by uncoated and PPyNDSA coated linen.
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Figure 5.14: Removal of gold from solutions containing 20 mL 1 ppm [AuC14]‘ and 
0.1 M HC1 by uncoated and PPyNDSA coated cotton.
After exposure to solutions containing [AuC14]‘ and HC1 SEM micrographs were 
again obtained in order to determine whether metallic gold particles or a film
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containing a gold compound were being formed on the surface o f  the fabrics. The 
resulting micrographs (Figure 5 .2) show ed after exposure to gold and acid there 
were small particles on the fabric surface, w hich suggests that elem ental gold  had 
been formed by a redox mechanism. Consistent with this was the general 
appearance o f the polymer coated fabrics after exposure, w hich were no longer  
black, but instead a gold-brown colour.
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Figure 5.15: SEM micrographs of (i) uncoated and (ii) PPyNDSA coated fabrics after 
24 hours exposure to 20 mL of solution containing 0.01 M [AuC14]' and 0.1 M HC1: (a) 
Raw silk (b) Processed Silk (c) Linen and (d) Cotton.
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5.7 Conclusions
A  range of natural fabrics were successfu lly  coated with the conducting polym er 
PPyNDSA. The coated and uncoated fabrics were then characterised by SEM  
which clearly demonstrated the com plete, even coating o f the individual fibres o f  
the different fabrics. SEM micrographs also showed that the characteristic high 
surface area o f the underlying substrate is retained. The ability o f  these 
polymer/fabric com posites to rem ove gold from solution was also demonstrated, 
it was found that the capacity o f  polymer coated fabrics for recovering gold w as 
in most cases greater than for the corresponding uncoated fabrics. H ow ever, the 
rate o f gold removed was significantly greater for each o f the polymer coated  
fabrics. This was more clearly evident when experiments were performed using  
solutions containing 10 ppm [AuCLJ'. In the case o f the polymer coated fabrics it 
appeared that maximum removal w as achieved after five days exposure. The 
gold removal properties o f the com posites were found to vary with the nature o f  
the underlying substrate. W hen the rate o f removal o f gold from solutions 
containing 10 ppm [AuCLJ' w as examined, the most efficient removal occurred 
with the polymer coated cotton system. However, at a ten fold lower 
concentration this was no longer the case. The most likely mechanism for gold  
removal is the redox mechanism. However, it w ill be necessary to determine by 
XPS whether the particles seen by SEM on the surface o f coated fabrics after 
exposure to gold are in fact gold metal, before this can be proven.
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These composite materials though tested for their gold rem oval abilities in this 
case, may also be applied to a w ide range o f applications particularly in w hich  
flexibility, strength and easy processing is needed. Consequently future work in 
this area may focus on the use o f these materials for possibly shielding  
applications, or within the fabrics industry.
Though the removal o f gold by these com posite materials w as successfu lly  
demonstrated here, one major limitation o f this process is in the subsequent 
recovery o f the gold. In using polymer coated fabrics, the substrate is destroyed 
in recovering the gold. Ideally a system in which the recovery o f the metal ion is 
completely non-destructive and reversible is highly advantageous. Consequently 
systems such as thermosensitive polyelectrolytes com bined with conducting 
polymers may prove to serve this purpose. These materials combine the 
advantages o f using a conducting polymer (redox activity) with a very simple 
recovery method (temperature changes) which is com pletely reversible.
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Chapter 6 -  Thermosensitive Polyelectrolyte
Stabilised Polypyrrole Colloids
6.0 Introduction
In the previous chapter the development o f high surface area membranes and 
mechanically strong com posite membranes was clearly demonstrated. However, 
the primary limitation o f these materials w as their inability to subsequently 
recover the metal without being destroyed in the process. Consequently a system  
in which metal ions can be selectively removed from solution and then recovered 
in a simple and com pletely reversible manner w as investigated. This system was 
composed o f a thermosensitive polyelectyrolyte component used to stabilise 
polypyrrole colloids, forming a polypyrrole/polyelectrolyte com posite materials.
6.1 Polyelectrolytes
Polyelectrolytes are long chain m olecules possessing multiple charges. Som e 
com m on exam ples o f polyelectrolytes found in nature include D N A  and proteins. 
To date these types o f materials have been used in a w ide range o f applications 
including chemical sensing,i261] permselective membranes,[262] bioreactors,[263i 
light emitting diodes f264’265l and deposition o f thin surface film s. Another area o f  
particular interest is the use o f polyelectrolytes as dopants in the preparation o f
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conducting electroactive polymers (C EP’s). C EP’s doped with polyelectrolytes 
can be prepared as thin film s, free standing and supported membranes,[266,267] and 
colloids^268,2691 It has been found that the incorporation o f polyelectrolytes into 
CEP film s can confer greater processability and higher mechanical stability onto 
the film J270-2711 Similarly, the highly im m obile nature o f polyelectrolyte dopants 
results in predominantly cation incorporation when the conducting polymer is 
reduced.12721
In 1998 Simmons and co-workers [268] developed tailor-made polyelectrolyte 
stabilisers for imm unological assays, that displayed improved performance. 
These polyelectrolytes were prepared by free-radical polymerisation o f  
bithiophene based vinylic monomers with a range o f vinyl monomers including  
2-(dimethylamino)ethyl methacrylate, 2-vinylpyridine and N-vinylpyrrolidone. 
The polyelectrolytes were used to prepare colloidal polypyrroles with narrow 
size distributions and high stability in solution. More recently 
polyvinylphosphate was used as a stabiliser for polypyrrole colloids. Due to their 
high water content and metal binding ability o f the phosphate groups,[2731 these 
particles were found to absorb significant amounts o f calcium, copper and iron 
from solution, demonstrating their potential for applications such as waste water 
clean up.[274]
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6.1.1 Thermosensitive Poly electrolytes
Poly electrolytes can be classified into a broad range o f groups including 
thermosensitive polyelectrolytes. An example o f such a poly electrolyte is 
polymethacrylic acid (Figure 6.1). This poly electrolyte has the ability to turn into 
a gel and precipitate out o f solution when heated, and then redissolve upon 
subsequent cooling l275»276! (Figure 6.2). The temperature at which the phase 
transition occurs is known as the Lowest Critical Solution Temperature (LCST). 
The LCST is highly specific for a given polyelectrolyte composition and 
molecular weight, and can be tailored by the introduction o f ionisable groups into 
the polymer network.[277]
("ch2 9Hh
c = o
OH
Figure 6.1: Chemical structure of polymethacrylic acid.
Figure 6.2: Graphical representation of the thermoreversible behaviour of 
thermosensitive polyelectrolytes. At low temperatures the ions are able to move freely 
into the polyelectrolyte and the solution is clear, at higher temperatures the ions are 
expelled from the polyelectrolyte and the solution becomes opaque.
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6.1.2 Poly(N-isopropylacrylamide) (PNiPAAm)
One o f the most w idely studied thermosensitive polyelectrolytes is Poly(N - 
isopropylacrylamide) (PN iPA A m ) (Figure 6.3). One o f the first reports o f the 
preparation o f this material was by Pelton and Chibate in 1986^2781 
Polyelectrolytes com posed o f PN iPAAm  display an LCST o f  32°C  in aqueous 
solution.^278,279,2801 At this temperature the polyelectrolyte undergoes a volum e  
phase transition and collapses due to hydrophobic interactions betw een the amide 
groups o f the side chains.l281»282! This was confirmed by fluorescence  
investigations w hich indicated that the polymer chains undergo a conformational 
switch from an open coil structure below  the LCST, to a com pact globular 
structure above the LCST.[283,284,2851 The extent to which this transition occurs has 
been shown to be dependant on the relative strength o f the interaction between  
the polymer and the solvent, along with the density o f cross-linking within the 
p olym er/289’2921 It has been shown by Daly and Saunders that PN iPA A m  
particles have structures consisting o f core-shells which are highly cross- 
linkedJ286,287,2881 Saunders and co-workers have also shown that particle 
deswelling may also be induced at temperatures below  the LCST, even at room  
temperature, by the addition o f other compounds such as alcohols or 
polymers.t285’2881 Similar results have also been reported by other workers.[293'2961 
Recently Daly and Saunders investigated the effect o f a range o f  electrolytes on 
the dispersion stability o f P(N iPA A m ).[29?1 It was found that there was no effect 
at room temperature provided the ionic strength o f the electrolyte solution did not
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exceed 0.01 M, and that colloidal dispersions remained stable until a 0.5 M ionic 
strength was reached.
c------0
NH
H3C-----CH
CH3
Figure 6.3: Structure of polyN-isopropylacrylamide (PNiPAAm)
The most common method used for the preparation of PNiPAAm is surfactant­
free emulsion polymerisation (SFEP), which produces particles exhibiting a very 
narrow size distribution.^2781 This process involves the use of a redox 
initiator^298,250’2" 1 and, in many instances^3001 a cross-linking agent such as N,N’- 
methylenebis(acrylamide) (BIS) is also added to the polymerisation solution. 
Other methods of preparation include radiation induced polymerisation 3̂011 and 
photopolymerisation.[302] Poly(N-isopropylacrylamide) has been used extensively 
in studies of gel systems undergoing temperature controlled volume phase 
transitions.^303'3101 Another application of these materials has been as temperature 
switchable vapour sensors^3111 This application uses PNiPAAm gels prepared in 
an alcohol solution containing calcium chloride. It has been shown that the 
conductivity of this sensor material increases when exposed to water and ethanol 
vapours, or an increase in temperature.
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More recently Mrkic and Saunders have suggested that PNiPAAm microgel 
particles may have applications as a matrix for the polymerisation of 
hydrophobic monomers such as poly(N-methylpyrrole) in aqueous solutions.[312] 
Their study clearly demonstrated that the microgel consists of a hydrophobic 
interior where the isopropyl groups aggregate, and a relatively high density of 
charged groups near the surface.
It has been established that the introduction of small quantities of a comonomer 
can significantly alter the LCST of PNiPAAm in aqueous solution.[295’29/’3133 
Some typical copolymer systems include polyNiPAAm-A^-vinylimidazole 
(PNiPAAm-Vl)[3141 and polyNiPAAm-N,N-
[(dimethylamino)propyl]methacrylamide (PNiPAAm-MADAP) [315i (Figure 6.4). 
Essentially the temperature at which the LCST occurs can be altered or tailored 
to meet as required specifications from around physiological temperature for 
biological purposes,[287rJl6] to as high as 200°C for drilling fluids.[317'324] These 
materials also shown promise in areas such the surface coatings industry^325̂ and 
the printing industryJj26]
h 3c — CH
c h 3
(a)
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Figure 6.4: Structures of some thermoresponsive copolymer systems, (a) polyNiPAAm- 
A^-vinylimidazole and (b) polyNiPAAm-N,N-[(dimethylamino)propyl]methacrylamide.
Koh and Saunders have also demonstrated the use o f a copolymer based on 
P(NiPAAm ) (P(NiPAAm-M PEGM a)) which allows the thermally induced 
reversible gelation o f oil and water emulsions within a short time frame. Such a 
discovery has particular importance in areas such emulsion stability 
technology.[327,328]
6.1.3 Aerylamido-2-methylpropane sulfonic acid (AMPS)
One ionic co-monomer frequently incorporated into thermosensitive 
polyelectrolytes is AM PS (Figure 6.5).[329] Copolymers formed by 
polymerisation o f NiPAAm  and AM PS are also capable o f undergoing volume 
phase transitions in response to changes in temperature. Increasing temperature 
results in an increase in hydrophobicity o f the polyelectrolyte, which in turn
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makes the polyelectrolyte precipitate out o f solution.[330] It has also been shown  
that although the hydrophobic interaction between the com ponents o f  the co ­
polymer is important in dictating the temperature at which this transition occurs, 
it is not crucial. The structure and order which allows appropriate stacking o f  the 
binding m olecules has been found to be more important.^310!
c-----O
NH
h3c— Ç— ch3 
ch2 
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Figure 6.5: Structure of Acrylamido-2-methylpropane sulfonic acid (AMPS).
Recently the effect o f cross-linking and charge density on the structure o f  
polyelectrolytes containing AM PS was investigated.^33̂  The LCST of a 
copolymer consisting o f poly(acrylamide-co-AM PS) was found to be greatly 
affected by variations in AM PS content, which has been shown to result in 
changes in charge densityJ332̂  Durmaz and Okay 3̂29̂  investigated the 
relationship between the mechanism of formation and swelling behaviour of 
acrylamide/AMPS polyelectrolytes. They found that the presence o f counter ions 
inside the polyelectrolyte can affect the swelling behaviour. This work was later 
extended by studying the controlled swelling behaviour o f polyelectrolytes based 
on poly AMPS in neat water and aqueous salt solutions.[333̂
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More recently the mechanical behaviour o f a series o f polyelectrolytes based on 
sulfopropylmethacrylate-AMPS (SPM A-AM PS) w as investigated as a function  
of charge density.[334] It was found that the elastic modulus o f  the 
polyelectrolytes increased when the AM PS content w as raised from low  to 
medium levels, but then decreased when the amount o f  A M PS present w as raised 
further. These results suggest that the presence o f  A M PS in a copolym er gives  
that polyelectrolyte greater overall mechanical stability.
In work conducted by Melekaslan and Okay, the sw elling behaviour o f  
PNiPAAm -co-AM PS copolymers was investigated J335̂  The copolymers 
demonstrated reversible sw elling and deswelling in response to external stimuli, 
with as little as 1 mol% AM PS present in the copolymer. Copolymers containing 
higher AM PS contents were found to remain in their sw ollen state under all 
conditions.
6.1.4 Poly electrolyte Doped Conducting Electroactive Polymers
The copolymer PNiPAAm -co-AM PS (Figure 6.6) is an ideal dopant for the 
preparation o f novel conducting polymer materials with thermoresponsive 
properties. The sulfate groups o f AMPS allows the copolymer to dope the 
conducting polymer, w hile the NiPAAm component o f the copolymer confers 
thermoresponsive behaviourJ335̂  It has been shown that such composite materials 
also retain considerable electroactive behaviour J336̂  These properties have been
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thoroughly investigated as a function o f the com position o f the copolym er  
dopantJ337̂  It w as found that the transition temperature o f  the com posite material 
varies in response to changes in AM PS content. This has been attributed to 
variations in the hydrophobicity o f the dopant. Shim et a l carried this work  
further and examined the surface morphology, electroactivity, conductivity and 
thermal sensitivity o f PPy/P(NiPA A m -co-A M PS) and PPy/(A A m -A M PS).[338] 
Investigation o f the redox activity o f these com posite film s revealed reduction 
and oxidation o f the conducting polymer w as accompanied predominantly by 
cation incorporation/expulsion. This supports previous work indicating that 
polypyrrole film s doped with polyelectrolytes exclusively undergo cation 
exchange processes upon oxidation and reduction o f the polymer backbone.[339' 
341̂  It should be noted that similar results were also seen for chem ically prepared 
polypyrrole com posites doped with thermosensitive polyelectrolytesP 42̂ Later 
work also found that the electrical conductivity o f the composites increased with 
increasing moisture content due to the N iPAAm  component. However, the 
electrical conductivity o f the com posites decreased with increasing temperature, 
which w as concluded to be a result o f the release o f water from the com posite as 
the N iPA A m  collapsed.
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Figure 6.6: Structure of the copolymer Poly(NiPAAm-co-AMPS).
In 1999 the preparation o f electrochem ically conducting polypyrrole polymer 
dispersions stabilised by a thermosensitive polyelectrolyte PPy/poly(NiPAAm - 
co-AM PS) was reported.^343’344! Pyrrole was dissolved in water and oxidatively  
polymerised using FeCl3 in the presence o f a P(NiPAAm -co-AM PS). The 
resulting colloids were composed o f polypyrrole cores surrounded by a 
stabilising sheath o f the polyelectrolyte. The temperature dependant phase 
transition o f the polyelectrolyte in the resulting material was different to that o f  
the free polyelectrolyte, a fact attributed to the anchoring o f the AM PS 
component of the polyelectrolyte chains to the particle surfaceJ345] These 
dispersions exhibited both electrical conductivity and reversible 
thermoresponsive behaviour.
The aim of the work presented here was to prepare colloidal polypyrrole particles 
stabilised by the thermosensitive polyelectrolyte PNiPAAm-co-AM PS, and 
investigate their ability to recover metal ions as a function o f temperature.
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Previous studies have shown that polyelectrolytes which contain acrylic acids 
within the polymer network are capable o f reversibly absorbing Pb2+ from  
aqueous solutions.[285,295’346] It w as envisaged that the com bination o f  a 
conducting electractive polym er with such a polyelectrolyte w ould  result in a 
system capable o f interacting with a w ide range o f metal ions, utilising various 
mechanisms such as absorption and redox reactions.
It has already been shown that Poly(N iPA A m -co-A M PS) can be successfu lly  
used to stabilise polypyrrole co llo ids.f344] It was envisaged that this com posite 
would show high levels o f metal ion adsorption due to the very high surface area 
of colloidal particles. In addition it w as envisaged that once metal ion uptake was 
complete, simply raising the solution temperature above the LCST would enable 
facile recovery o f the absorbed metal ion through precipitation o f  the colloidal 
particles.
6.2 Experimental
6.2.1 Preparation of Poly(NiPAAm-co-AMPS)
The polyelectrolyte was prepared by the free radical polymerisation method
outlined by Mumick and M cCormick.[347] Initially weigh 20 g N iPAAm  and
0.732 g AM PS to give a polyelectrolyte ratio o f 98 NiPAAm:2 AM PS. This was
then added to 88 mL DM F. The solution was stirred under an inert atmosphere
for 18 hours at 60°C and the resulting mixture rotary evaporated until a sticky gel
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formed. To this was added the minimum amount o f  acetone required to dissolve  
the polyelectrolyte. The resulting solution was then added to 2 L chilled ether 
with stirring and the resulting white precipitate filtered and dried under vacuum.
6.2.2 Preparation of Poly(NiPAAm-co-AMPS) stabilised Polypyrrole 
Colloids
Polyelectrolyte stabilised polypyrrole colloids (PPyPE) were prepared by the 
chemical polymerisation method. A  0.2% w/v aqueous solution o f poly(NiPAAm - 
co-AM PS) w as added to 100 mL 0.3 M FeCl3. The solution was cooled to 4°C  
and 1 mL 0.15 M pyrrole monomer added dropwise very slowly. The solution 
was then left to stir for 18 hours after which the solution was dialysed using 
12,000 Da cellulose dialysis tubing for 48 hours.
6.2.3 Characterisation of Materials
Polyelectrolyte solutions were characterised by U V -visible spectroscopy over the 
wavelength range 300 nm to 1100 nm. However, only readings at 540 nm were 
converted to %transmittance and plotted for the purposes o f determining LCST 
values. In the case o f the PPyPE colloidal system, 950 nm was chosen as the 
wavelength fpr determining LCST’s as this wavelength is where the free carrier 
tail typical o f electrically conducting polypyrrole absorbs maximally.
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6.2.4 Metal Ion Recovery Experiments
In order to investigate the ability o f  PPyPE to recover metal ions, 25 m L o f  
suspension containing 15 mg colloidal material w as diluted with an equal amount 
o f water, and then sufficient HfAuCLJ, CuCl2 or FeC l3 w as added to make the 
solution 0.05 M in the resulting metal ion. A  1% w/v solution o f the 
polyelectrolyte alone was also added to these metal ion solutions to act as a 
control experiment.
6.3 Results and Discussion
6.3.1. Poly(NiPAAM-co-AMPS)
A  plot o f  %transmittance versus temperature for a solution containing 
poly(N iPA A m -co-A M PS) was obtained (Figure 6.7). At temperatures below  
35°C there was very little change in transmittance o f the solution. However, 
imm ediately above this temperature there was a dramatic decrease in 
transmittance to almost 0%. This coincided with the appearance o f a white 
suspension in the solution.
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Figure 6.7: Effect of temperature on the transmittance of an aqueous solution containing 
Poly(NiPAAm-co-AMPS) (X = 540 nm).
When the solution was subsequently cooled the reverse o f  this behaviour was 
seen and the solution became less opaque and eventually completely clear. These 
observations confirmed the thermoresponsive behaviour o f  the polyelectrolyte. 
From Figure 6.7 an LCST o f  35°C was obtained, which compares w ell with the 
literature value o f  32°C for this poly electrolyte.
6.3.2 Poly electrolyte in the presence o f  Metal ions
The effect o f temperature on the optical density of a solution containing 
poly(NiPAAm-co-AMPS) and [AuC14]' was also determined (Figure 6.8). One of 
the first features to note is that the transmittance o f the solution was always less 
than 100%. This was due to the yellow colour of the [AuC14]’ present. When the
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temperature of the solution was increased the percent transmittance o f the 
solution varied in a similar fashion to when no gold was present. However, the 
LCST value derived from Figure 5.8 was 30°C, which is 5°C lower than when no 
gold was present. This suggests that there must be an interaction between the 
polyelectrolyte and the gold complex.
Figure 6.8: Effect of temperature on the transmittance of a solution containing 
poly(NiPAAm-co-AMPS) and 0.05 M [AuCLJ'. (X = 540 nm).
However, when copper ions were present instead of gold there was no discernible 
effect on the thermoresponsive behaviour of the polyelectrolyte (Figure 6.9). An 
interesting feature of this latter system, which was not seen with any other metal 
ion investigated, was that the polyelectrolyte precipitated out o f solution when 
the temperature was raised above 38°C. This left a very thick, pale blue gel that
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could be pulled out o f the solution using tweezers. It w as expected that the gel 
contained Cu2+ ions due to its colour. When the solution w as then cooled to 
below 38°C the gel redissolved.
Figure 6.9: Effect of temperature on the transmittance of a solution containing 
poly(NiPAAm-co-AMPS) and 0.05 M CuCl2. (X = 540 nm)
The effect o f temperature on a solution containing 25 mL Fe3+ in addition to the 
polyelectrolyte was also investigated (Figure 6.10). The results suggest that the 
Fe3+ present had an influence on the thermoresponsive behaviour o f the 
polyelectrolyte. Unlike when Cu2+ was present no gel-like precipitate was 
observed when the solution was heated above 38°C.
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Figure 6.10: Effect of temperature on the transmittance of a solution containing 
poly(NiPAAm-co-AMPS) and 0.05 M FeCl3. (k = 540 nm)
6.3.3 Poly(NiPAAM-co-AMPS) Stabilised Polypyrrole
Solutions containing poly(NiPAAm-co-AMPS) are transparent at temperatures 
below the LCST of the polymer and become opaque when the temperature is 
raised above the LCST. However, when this polyelectrolyte was present as a 
dopant in a conducting polymer colloid very different behaviour was observed. 
Figure 6.11 illustrates the effect of temperature on the transparancy of an 
aqueous solution containing poly(NiPAAm-co-AMPS) stabilised PPyCl colloids. 
Initially the solution transmitted almost no light as a result of the black 
polypyrrole colloidal particles present. However, when the temperature was 
increased the transmittance of the solution also initially increased, apparently as a 
result of coagulation and deposition of the colloidal particles on the floor of the 
cuvette. Similar behaviour was observed when the temperature of solutions
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containing the com posite material and either [AuCLJ’, Cu2+ or Fe3+ w as increased  
(Figures 6 .12  - 6.14).
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Figure 6.11: Effect of temperature on the transmittance of a solution containing 
poly(NiPAAm-co-AMPS) stabilised polypyrrole colloids. (K = 950 nm).
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Figure 6.12: Effect of temperature on the transmittance of a solution containing 
poly(NiPAAm-co-AMPS) stabilised polypyrrole colloids and 0.05 M [AuCLJ’. (A. = 950 
nm).
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Figure 6.13: Effect of temperature on the transmittance of a solution containing 
poly(NiPAAm-co-AMPS) stabilised polypyrrole colloids and 0.05 M Cu2+. (k = 950 
nm).
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Figure 6.14: Effect of temperature on the transmittance of a solution containing 
poly(NiPAAm-co-AMPS) stabilised polypyrrole colloids and 0.05 M Fe3+. (k = 950 
nm).
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LCST result obtained for the various systems were summarised and appear in 
Table 6.1. These results clearly showed that the presence o f  the polym er  
component greatly reduced the LCST temperature when compared to the 
polyelectrolyte alone. It was also found that for the polyelectrolyte alone the 
LCST varied only slightly w hen the different metal ions were present, this w as 
also seen with the com posite material.
I3 ble 6.1: LCST values obtained for poly(NiPAAm-co-AMPS) and PPyPE exposed to 
0.05 M metal ion solutions.
Metal Ion Poly (NiPAAm-co-AMPS) 
LCST (°C)
PPyPE LCST (°C)
Water 35 20
[AuCUY 30 18
Cu2* 34 18
F é* 34 15
Atom ic absorption spectroscopy was used to examine the ability o f  
polyelectrolyte stabilised polypyrrole colloids to recover metal ions from 
solution. 40 mL aliquots o f solution containing polymer colloids were exposed to 
either 0.05 M [AuC14]‘ or Cu2+ for 24 hours and the solution then centrifuged and 
the supernatant analysed for either gold or copper content (Figure 6.15). The 
results obtained are presented in Table 6.2.
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Figure 6.15: Schematic diagram of the recovery of either [AuCU]’ or Cu2+ from solution 
using poly(NiPAAm-co-AMPS) stabilised polypyrrole colloids, (a) solution containing 
PPyPE colloids together with either gold or copper ions, (b) solution following 
centrifugation for 2 hours at 6400 rpm at room temperature.
Table 6.2: Recovery of gold and copper by poly(NiPAAm-co-AMPS) stabilised PPyCl 
colloids.
[ M e t a l ]  initial [M e ta l] f in a l
M e t a l  Ion (ppm) ( P P « )
[AuCU]' 9848 3176
Cu2* 164 0
During centrifugation of the colloidal solution, the poly(NiPAAm-co-AMPS) 
stabilised polypyrrole colloids settled on the bottom of the centrifuge tube along 
with metal ions trapped within the polyelectrolyte matrix. This then left lower 
concentration of metal ions in the supernatant than in the initial solution. In the 
case of the PPyPE exposed to gold, there was a 68% reduction of the amount of 
this ion in the supernatant. However, in the case o f copper the result was even 
more exciting with 100% removal of the metal observed.
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Recovery o f these metal ions present in the polypyrrole colloids can be rem oved  
simply by redispersing in water the PPyPE/metal ion collected after 
centrifugation and then increasing the temperature o f  the solution causing the 
polyelectrolyte to shrink and expel the metal ions. This method is non-destructive 
and allows the polymer to be reused.
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6.4 Conclusions
W e have been able to successfully prepare the polyelectrolyte Poly(N iPA A m -co- 
AM PS) using free radical polymerisation. This material was shown to have an 
LCST o f 3 5 °C, consistent with previously published work.[343,344i When this 
material w as exposed to solutions containing [A uC14]' the LCST dropped to 
30°C, w hile exposure to either Cu2+ or Fe3+ resulted in no change to the LCST. 
Although addition o f Cu2+ to the polyelectrolyte did not change its LCST  
significantly, it did result in the formation o f a pale blue precipitate when the 
temperature o f the solution w as raised above 38°C.
Polyelectrolyte stabilised polypyrrole colloids were also prepared and their 
interaction with gold, copper and iron investigated. The results o f this 
investigation showed that as the temperature o f the solution was increased, there 
was an increase in transparency o f the solution owing to the deposition o f the 
pPyPE colloids. The LCST for the PPyPE system was 20°C, which is
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significantly lower than that o f  the polyelectrolyte alone. This indicates that the 
polyelectrolyte was not free in solution, but instead directly interacting with the 
polypyrrole. When solutions containing polyelectrolyte stabilised polypyrrole 
colloids were exposed to different metal ions this LCST shifted to significantly  
lower values, between 15°C and 18°C. Metal ion recovery experiments show ed  
that polyelectrolyte stabilised polypyrrole colloids were able to recover 
significant quantities o f gold and even larger amount o f copper from solution. 
Consequently this system shows promise as an efficient and renewable system  
for the recovery o f copper from solution.
Future work involving polyelectrolyte stabilised polypyrrole colloids may 
include investigating their interaction with a wider range o f metal ions. In 
addition the effect o f varying the composition o f the polyelectrolyte component 
o f the composite material on the recovery o f various metal ions could also be 
investigated. This could include for example, the addition o f metal chelating 
ligands to the polyelectrolyte in order to increase both the rate o f metal ion 
uptake and specificity o f metal ion uptake.
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Chapter 7 - Overall Conclusions
A  range o f novel membranes com posite structures were successfully prepared 
and tested for their ability to rem ove metal ions from solution. The first phase 
o f this study investigated the effect o f dopant on the metal ion selectivity o f  the 
resulting polymer. Two chelating dopants were chosen, HQS and D N A  w hich  
are known to bind selectively to different metal ions. The membranes were 
then characterised by electrochemical, spectroscopic and m icroscopic methods.
The selective nature o f the two dopants was seen to be conferred onto the 
resulting polymer membranes which demonstrated a high degree o f selectivity  
for Cu2+ over Fe3+. However, one significant limitation o f these system was the 
flux rates obtained. These were not significantly greater than seen previously 
and consequently it was thought that increased surface area o f the polymer 
exposed to the metal ion solution w ould lead to greater flux efficiencies.
Inverse conducting polymer membranes and fibrillar membranes were 
successfully prepared. These membranes possessed a highly ordered and high 
surface area structure and were both prepared using a template method. Both 
types o f membranes were characterised by electrochemical and microscopic 
techniques and in the case o f inverse opal polymer membranes spectroscopic 
methods were also used. Various experimental results had shown that the
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ordered structure o f the inverse opal polymer increased the speed at which the 
polymer becom es com pletely oxidised and reduced. H ow ever these structures 
proved limited in terms o f applications due to their poor m echanical strength. 
Consequently, fibrillar membranes were then investigated as a source o f a high 
surface area and ordered membrane for metal ion removal. A  range o f fibrillar 
polymer systems were successfully prepared, PPypTS, PPyS.F., PPyAQ SA and 
PPyDNA. These results demonstrated the strong influence the dopant has on 
the membranes subsequent structure. It was found that when using a 
polyelectrolyte dopant such as D N A , the resulting fibrillar membrane was 
denser and more rigid compared to that prepared using a simple dopant such as 
p T S .
A s for the inverse opal polymer system discussed previously, the mechanical 
strength o f the fibrillar membranes was very poor once the template was 
removed. Consequently, the planned transport experiments could not be 
conducted. In an attempt to over come the problem o f membrane strength, 
conducting polymer/fabric com posites were prepared.
These systems took advantage o f both an inherently high surface area substrate 
which is very strong and flexible to prepare composite membranes which 
possessed a high surface area together with high mechanical strength. A  range 
o f fabrics were chosen which were based on the natural fibres silk and cotton 
and were then chemically coated with PPyNDSA.
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These results had shown that the presence o f the conducting polymer coating  
on the fabrics enhanced the amount o f gold removed from solution particularly 
within short periods o f exposure time. One disadvantage o f this system  
however is that upon subsequent recovery o f the removed gold, the substrate 
would need to be com pletely destroyed, for example by burning the fabric to 
recover the gold. Consequently, a system which com bines high surface area 
with conducting polymers and easy recovery was desired.
An example o f such a system was thermosensitive polyelectrolyte/conducting 
polymer com posites. P(NiPAAM -co-AM PS) stabilised polypyrrole colloids 
were successfully developed in order to address the limitations o f the previous 
systems. The thermosensitive polyelectrolyte component was able to react to 
temperature changes and swell or contract, making them ideal as a method for 
the recovery o f metal ions in a simple and completely reversible manner. The 
addition o f the conducting polymer component aided the removal o f metal ions 
from solution based on their redox characteristics. The results had clearly 
shown that the polymer/polyelectrolyte composite was successfully prepared 
and that there w as a different interaction in terms o f LCST behaviour between 
the com posite and the various metal ions investigated. This suggested that this 
system may be highly selective. The removal o f metal ions, particularly copper, 
was also clearly demonstrated by simple increases in temperature o f the 
solution.
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Overall these results have clearly shown the successfu lly preparation o f a rage 
o f different novel membrane com posite structures based on conducting 
polymers. Though these were tested for metal ion removal and recovery, these 
structures may also have potential applications in a wide range o f other 
research areas. Consequently future work may include investigating alternative 
applications for these various systems particularly where high selectivity, order 
and high surface area are desired.
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